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Abstract—A multimode carrier-based PWM strategy for open-
end winding permanent-magnet synchronous motor (OW-PMSM)
with isolated dc sources is proposed in this article. For the proposed
strategy, the independent reference voltages of both the two invert-
ers are obtained by decomposing the reference voltage output from
the controller. Then, multiple modulation modes are established by
different combinations of continuous PWM, discontinuous PWM
and duty-cycle modulation for dual-inverter. As a result, the switch-
ing times of dual-inverter in each carrier period can be varied from
6 to 2. For the proposed strategy, the reference voltage is always
synthesized by the nearest switching states. Thus, the output wave-
form quality for dual-inverter of the proposed strategy is better
than that of the traditional modulation strategies. The feasibility
and effectiveness of the proposed multimode modulation strategy
is experimentally validated using a 4.3-kW OW-PMSM prototype.

Index Terms—DC–AC inverter, harmonic distortion, permanent
magnet motors, puleswidth modulation (PWM).

I. INTRODUCTION

THE dual-inverter fed open-end winding permanent-magnet
synchronous motor system has the advantages of low

harmonic distortion, high dc-link voltage utilization and good
fault tolerance [1]. Compared with the neutral-point-clamped
three-level inverter, the number of output voltage levels of
dual-inverter are the same. And there is no need to control
the neutral-point voltage [2]. Thus, dual-inverter fed open-end
winding permanent-magnet synchronous motor (OW-PMSM)
can be widely used in high-power medium-voltage applications,
such as locomotive traction [3], ship propulsion [4], and starter
generator [5].

According to the topology of dc source, dual-inverter fed OW-
PMSM system can be categorized into three types.
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1) Common dc source.
2) Single dc source with a floating capacitor bridge.
3) Dual isolated dc sources.
Zero sequence current (ZSC) are generated in the common

dc sources topology due to the existence of zero sequence
loops. Hence, the output performance of the dual-inverter will be
affected [6]. The single dc source with a floating capacitor bridge
topology requires additional control of the floating capacitor
voltage [7]. It has lower voltage utilization then the common dc
sources topology [8]. For the dual isolated dc sources topology,
the effect of ZSC on the system does not need to be considered
because there is no zero sequence loop. Thus, the output perfor-
mance and operation efficiency can be improved compare with
other two topologies.

Modulation strategies of OW-PMSM can be mainly catego-
rized into carrier-based PWM (CBPWM) [4] and space-vector
PWM [9]. CBPWM has been widely studied due to its simple
easy digital implementation. For the common dc source topol-
ogy, the research topic mainly focuses on reducing the ZSC. A
CBPWM method which ensures that the average value of ZSC
in each carrier period is zero is proposed in [10]. There are two
switching actions for each phase of dual-inverter in every carrier
period. On this basis, a ZSC suppression method is proposed
in [11]. There is only one switching action for each phase in
every carrier period. Meanwhile, the common-mode voltage of
dual-inverter is also kept to zero. The switching loss can be
further reduced by the method proposed in [12]. There are two
phases without switching actions in each carrier period. And the
ZSC can still be restrained. Moreover, the maximum modulation
range of the proposed method for OW-PMSM system is also
analyzed. For the single dc source with a floating capacitor
bridge topology, the research topic mainly focuses on the floating
capacitor voltage control. In [13], the floating capacitor voltage
is controlled by adjusting the angle between the reference volt-
ages of the two inverters. In [14], an improved floating capacitor
voltage control algorithm is proposed. And the volume of the
capacitor could be reduced. The output harmonic distortion of
dual-inverter under different ratio of dc source voltage to floating
capacitor voltage is analyzed and the optimal ratio is determined
[15].

For dual isolated dc sources topology, the research topic
mainly focuses on improving the output performance and effi-
ciency of dual-inverter. In [16], zero vectors are not adopted, and
there are two legs without switching actions in each carrier pe-
riod. The decoupling angle between the reference voltages of the
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two inverters is modified to ensure the operation of OW-PMSM
and the harmonic distortion of the output current is reduced. A
minimum switching action modulation method is proposed in
[17]. There are four legs without switching actions in each carrier
period and the switching loss can be further reduced. Similarly,
four PWM schemes simultaneously clamps two phases of each
inverter throughout the fundamental period are proposed in [18].
The switching transition in the pole voltage can be reduced. In
[19], the dwell time of zero vector is redistributed to realize the
balanced control of the switching loss between the two inverters.
For all the mentioned modulation methods, reference voltages
of the two inverters are calculated separately. Then, the two
inverters are modulated independently. In [20], reference voltage
is assigned to dual-inverter by a certain pattern. The reference
voltage is always synthesized by the nearest switching states.
Thus, the output waveform quality of dual-inverter is improved.
A discontinuous PWM (DPWM) method with reference voltage
decomposition is proposed in [21]. The mathematical relation-
ship between the clamping interval and the switching loss is
calculated and then the optimal clamping mode is obtained
by the genetic algorithm. A DPWM method with four output
voltage level is proposed in [22]. The switching loss and the
harmonic distortion can be reduced simultaneously. The current
ripple of an OW-PMSM with the adoption of decoupled DPWM
is analytically expressed in [23]. The harmonic distortion of
the output current is reduced by unsymmetrical distribution of
the dwell time of zero vector in each carrier period. For all
the mentioned DPWM methods, the switching loss of dual-
inverter is suppressed by the specific distribution of clamping
intervals. However, the switching loss can be further reduced
by the appropriate design of reference voltage and the different
combination of modulation methods for dual-inverter. In [24],
various modulation methods with different number of switching
actions in each carrier period are proposed. The operation of
OW-PMSM in the wide speed range can be realized. In this
article, the redundant switching states of dual-inverter are fully
utilized by designing the independent reference voltages of the
two inverters. Then, a multimode CBPWM is proposed to reduce
the switching loss in the full modulation range. Meanwhile,
reference voltages for different modulation modes are always
synthesized by the nearest switching states. Therefore, the output
waveform quality of dual-inverter is improved simultaneously.
In recent years, topologies of dual-inverter fed OW-PMSM with
fuel cell-battery or two batteries are proposed in [25] and [26],
which shows the wide application prospect of the OW-PMSM
with dual isolated dc sources in electric vehicles.

The rest this article is organized as follows. The topology
of the dual-inverter fed OW-PMSM with isolated dc sources is
introduced in Section II. The principle of the proposed multi-
mode CBPWM strategy is presented in Section III. Expressions
of reference voltage for dual-inverter in different modulation
mode are given. In Section IV, the experimental prototype
of dual-inverter fed OW-PMSM is established and the output
performance of the proposed CBPWM strategy is experimental
analyzed. The innovation and the advantage of the proposed
strategy are summarized in Section V.

Fig. 1. Topology of dual-inverter fed OW-PMSM with isolated DC sources.

Fig. 2. Space vector diagram of inverter 1 and inverter 2. (a) Inverter 1.
(b) Inverter 2.

II. TOPOLOGY OF OW-PMSM WITH ISOLATED DC SOURCES

The topology of dual-inverter fed OW-PMSM with dual iso-
lated dc sources is shown in Fig. 1. The two-level inverter on
each side of OW-PMSM is supplied by an isolated dc source.
For each inverter, there are eight switching states corresponding
to eight basic voltage vectors in the space vector diagram, as
shown in Fig. 2. “1” represents the switching state of the power
switch in the upper leg is ON and the switching state of the
power switch in the lower leg is OFF. While, “0” represents the
switching state of the power switch in the upper leg is OFF and
the switching state of the power switch in the lower leg is ON.
Vi (i = 0, 1, 2, …, 7) represents the basic vector of inverter
1 and Un (n = 0, 1, 2, …, 7) represents the basic vector of
inverter 2. For dual-inverter, there are 82 = 64 switching states
corresponding to 64 basic vectors in the space vector diagram,
as shown in Fig. 3. The space vector diagram can be divided into
six sectors ZI∼ZVI, and each sector can be further divided into
six regions 1–6. The basic voltage vector is defined as i-n. And
the basic vectors which occupies in the same place are defined
as redundant vectors.

The relationship between the reference vector Vref of dual-
inverter and reference vectors Vref1 and Vref2 of the two indi-
vidual inverters is

V ref = V ref1 − V ref2. (1)

The modulation index m is defined as

m =

√
3Vref

2Vdc
(2)

where Vref is the amplitude of the reference voltage and Vdc is
the voltage of dc sources.
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Fig. 3. Space vector diagram of dual-inverter.

Fig. 4. Traditional modulation method of dual-inverter. (a) 180° decoupled
modulation. (b) Clamped modulation.

Fig. 5. Switching sequence in the first half of the carrier period. (a) 180°
decoupled modulation. (b) Clamped modulation.

The traditional modulation methods of dual-inverter fed
OW-PMSM can be divided into two types: 180° decoupled
modulation and clamped modulation. For 180° decoupled mod-
ulation, amplitudes of Vref1 and Vref2 are the same and the
directions of Vref1 and Vref2 are opposite, as shown in Fig. 4(a).
For clamped modulation, Vref1 can be any non-zero basic vector
and then Vref2 is obtained according to the principle of vector
synthesis, as shown in Fig. 4(b). Switching sequences in the
first half carrier period of the above two modulation methods
are shown in Fig. 5.

Fig. 6. Combinations of different modulation methods for dual-inverter cor-
responding to modes I–V.

For 180° decoupled modulation, both inverters 1 and 2 adopt
continuous PWM (CPWM). There are six switching actions in
each carrier period for dual-inverter, as shown in Fig. 5(a). For
clamped modulation, Vref1 can only be nonzero basic vectors,
so that there is no switching action for inverter 1 in each carrier
period. Meanwhile, inverter 2 adopts CPWM. Thus, there are
three switching actions in each carrier period for dual-inverter,
as shown in Fig. 5(b).

III. MULTIMODE CARRIER-BASED PWM STRATEGY

For OW-PMSM, CPWM, DPWM, and duty-cycle modulation
(DCM) can be used by inverters 1 and 2 independently. Then,
different modulation modes with the number of switching ac-
tions varies from 6 to 2 in each carrier period for dual-inverter
can be established, as shown in Fig. 6. Five different modulation
modes are defined as follow: For mode I, inverters 1 and 2 both
adopt CPWM and there are six switching actions in each carrier
period. For mode II, inverter 1 adopts DPWM and inverter 2
uses CPWM. There are five switching actions in each carrier
period. For mode III, inverters 1 and 2 both adopt DPWM and
there are four switching actions in each carrier period. For mode
IV, inverter 1 adopts DCM and inverter 2 uses DPWM. There
are three switching actions in each carrier period. For mode V,
inverters 1 and 2 both adopt DCM and there are two switching
actions in each carrier period.

The reference voltage of dual-inverter can be expressed as v∗
x= vx +vz, x�{A, B, C}. Where, vx is the sinusoidal voltage and
vz is the zero-sequence voltage. For modes I–V, Vref is always
synthesized by the three nearest basic vectors. Taking region 1 of
sector ZI as an example, the computation of reference voltages
vx1 and vx2 for inverters 1 and 2 are shown as follow.

In Fig. 7(a), both inverters 1 and 2 adopt CPWM for mode I. In
the first half carrier period, the switching sequence of Inverter 1
is V0→V1→V2→V7 and the switching sequence of Inverter 2 is
U7→U4→U5→U0. Then, the synthesized switching sequence
of dual-inverter can be expressed as 0-7 →0-4→0-5→0-0→1-
0→2-0→7-0. Based on the principle of volt-second balance and
the geometrical relations in Fig. 7(a), the dwell time T0, T1, and
T2 of basic vectors (including redundant vectors) are as follows:

⎧⎪⎪⎨
⎪⎪⎩

T0 = Ts [1 + (vmin − vmax)/(Vdc/2)]

T1 = Ts(vmax − vmid)/(Vdc/2)

T2 = Ts(vmid − vmin)/(Vdc/2)

(3)
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Fig. 7. Switching sequence of dual-inverter with the adoption of different modes in region 1 of sector ZI. (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.
(e) Mode V.

TABLE I
EXPRESSION OF REFERENCE VOLTAGE FOR EACH MODULATION MODE IN SECTOR ZI

where, vmax = max(vA, vB, vC), vmid = mid(vA, vB, vC),
vmin = min(vA, vB, vC). According to the switching sequence
of dual-inverter, the reference voltages of inverters 1 and 2 can
be obtained as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vA1 =(T0/6 + T1/4+T2/4)Vdc/Ts

vA2 =− (T0/6)Vdc/Ts

vB1 =(T0/6+T2/4)Vdc/Ts

vB2 =− (T0/6+T1/4)Vdc/Ts

vC1 =(T0/6)Vdc/Ts

vC2 =− (T0/6 + T1/4 + T2/4)Vdc/Ts

. (4)

Substituting (3) into (4), the final expression of the reference
voltage for dual-inverter can be determined, as given in Table I.
The expression where the reference vector locates in other
regions can also be given in Table I. The PWM signal can be
obtained by comparing the reference voltage with the carrier.
Switching sequences of modes II–V are shown in Fig. 7(b), (c),
(d), and (e). Expression of the reference voltage for modes II–V
can be obtained in the same manner, also given in Table I.

There are three issues need to be clarified.
1) For mode III, the switching sequence of inverter 1 is

V1→V2→V7→V2→V1 when Vref is located in region 5.
The switching sequence of inverter 2 is U0 → U5 → U4

→ U5 → U0, as shown in Fig. 8. It is necessary to shift
the carrier of inverter 2 by π. The same process is required



1830 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Fig. 8. Switching sequence of dual-inverter for mode III in region 5 of sector
ZI.

when Vref is located in region 6. The dwell time T0, T1,

and T2 of basic vectors (including redundant vectors) are
as follow: ⎧⎪⎨

⎪⎩

T0 = −Tsvmin/(Vdc/2)

T1 = Ts (vmid − vmin)/(Vdc/2)

T2 = Ts [1 + vmin/(Vdc/2)]

. (5)

According to the switching sequence of dual-inverter, the
reference voltages of inverters 1 & 2 can be obtained as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vA1 =Vdc/2

vA2 =0

vB1 = (T1/4+T2/4)Vdc/Ts

vB2 =(T1/4+T2/4)Vdc/Ts − Vdc/2

vC1 =(T1/4)Vdc/Ts

vC2 =(T1/4)Vdc/Ts − Vdc/2

. (6)

The final expression of the reference voltage for dual-
inverter are given in Table I.

2) For mode II, inverter 1 adopts CPWM and inverter 2 uses
DPWM. Thus, the number of switching action in each
carrier period are different for the two inverters. CPWM
and DPWM should be adopted alternately for both the
two inverters in each fundamental period to balance the
switching loss. Modes III–V should also be designed in
the same manner.

3) For modes I and II, the switching sequence cannot be
designed in regions 3–6 due to the limitation of redundant
vectors. The modulation range of modes I and II is m�[0,
0.5].

4) When the reference vector is located in region 1 of sector
ZI, basic vectors used for the synthesis of reference vector
of traditional PWM (TPWM) [20] shown in Fig. 5(a) and
modes I–V are shown in Fig. 9(a) and (b), respectively.
As can be seen, the reference vector is synthesized by the
nearest basic vectors for modes I–V. While for TPWM,
non nearest vectors are used in the synthesization. The

Fig. 9. Basic vectors used to synthesis the reference vector for modes I–V.
(a) Traditional PWM. (b) Modes I–V.

TABLE II
PARAMETERS OF THE EXPERIMENTAL PLATFORM

situation is the same when the reference vector falls in
other regions and sectors.

Fig. 10 shows the control diagram of dual-inverter fed OW
-PMSM. id = 0 control algorithm is used in this article because
the OW-PMSM is surface-mounted. The implementation of the
proposed multimode CBPWM strategy can be divided into the
following steps.

1) Modulation Mode Selection: the appropriate modulation
mode (modes I–V) is selected according to the modulation
index m and the carrier frequency fc.

2) Reference Voltage Calculation: the reference voltages vx1
and vx2 of inverters 1 and 2 are calculated according to
Table I.

3) PWM Generation: PWM signals of each power switch
can be obtained by comparing the reference voltage with
carriers.

IV. ANALYSIS OF EXPERIMENTAL RESULTS

In order to verify the feasibility and effectiveness of the pro-
posed multimode CBPWM strategy, an experimental platform
of dual-inverter fed OW-PMSM with isolated dc sources is es-
tablished, as shown in Fig. 11. An Opal-RT Simulator OP5700 is
used as the controller, and Imperix SiC power module PEB8024
is used to compose dual-inverter. Parameters of the experimental
platform are given in Table II. The output performance and
switching loss of the proposed multimode PWM strategy are
compared with that of TPWM.

Figs. 12 and 13 show reference voltages vA1/vA2 and the
PWM signals SA1∼SC1/SA2∼SC2 of the proposed multimode
PWM strategy (modes I–V) and TPWM under the condition
of m = 0.5 (n = 640 r/min, TL = 9 N·m) and m = 0.8 (n =
1100 r/min, TL = 9 N·m), respectively. As can be seen, there is
no clamped leg at any instant for TPWM and mode I. However,
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Fig. 10. Block diagram of the proposed multimode carrier-based PWM strategy.

Fig. 11. Experimental platform of dual-inverter fed OW-PMSM with isolated
dc sources.

Fig. 12. Waveforms of reference voltage vA1/vA2 and PWM signals of the
upper leg in condition of m = 0.5. (a) TPWM. (b) Mode I. (c) Mode II. (d) Mode
III. (e) Mode IV. (f) Mode V.

Fig. 13. Waveforms of reference voltage vA1/vA2 and PWM signals of the
upper leg in condition of m = 0.8. (a) TPWM. (b) Mode III. (c) Mode IV.
(d) Mode V.

the number of clamped legs is increased from 1 to 4 for modes
II–V, and the switching frequency of dual-inverter is reduced in
turn. It is worth to be mentioned that although there are clamping
intervals in the reference voltage of modes II–V, the clamping
modes do not belong to DPWM0∼DPWM3.

Figs. 14 and 15 show the phase voltage vA, line voltage vAB,
output current iA and its harmonic spectrum of the proposed
multimode PWM strategy (modes I–V) and TPWM under the
condition of m = 0.5 and m = 0.8, respectively.

The total harmonic distortion of output current (ITHD) is
defined as

ITHD =

√∑∞
n=2 I

2
n

I1
. (7)

From Figs. 14 and 15, it can be seen that common-mode
components always exist in the phase voltage for both TPWM
and the proposed multimode PWM strategy. As can be seen
from the amplified waveforms, when m= 0.5, the output current
ripple for modes I–V is significantly smaller than that of TPWM.
The number of switching action for mode I is same as TPWM,
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Fig. 14. Waveforms of output current iA, phase voltage vA and line voltage
vAB in condition of m = 0.5. (a) TPWM. (b) Mode I. (c) Mode II. (d) Mode III.
(e) Mode IV. (f) Mode V.

Fig. 15. Waveforms of output current iA, phase voltage vA and line volt-
age vAB in condition of m = 0.8. (a) TPWM. (b) Mode III. (c) Mode IV.
(d) Mode V.

Fig. 16. Waveforms of TL in the condition of m = 0.5. (a) Traditional PWM.
(b) Mode I. (c) Mode II. (d) Mode III. (e) Mode IV. (f) Mode V.

Fig. 17. Waveforms of TL in the condition of m = 0.8. (a) Traditional PWM.
(b) Mode III. (c) Mode IV. (d) Mode V.

while ITHD decreases from 5.74% to 3.97%. With the switching
of modulation mode from mode II to mode V, ITHD gradually
increases from 4.04% to 5.52% with the decrease of switching
actions. When m = 0.8, ITHD is 5.01% with the adoption of
TPWM. ITHD is 4.18% and 4.39% for modes III and mode IV,
respectively, which is still lower than TPWM. ITHD is 5.55%
with the adoption of mode V, which is slightly higher than
TPWM. However, the switching frequency of the dual-inverter
is reduced by 2/3.

For m = 0.5 and m = 0.8, the load torque TL of TPWM
and modes I–V are measured and shown in Figs. 16 and 17.
The standard deviation σ is also calculated for each condition
to characterize the smoothness of the torque. For m = 0.5, the
torque ripple of modes I–V is clearly lower than that of TPWM.
The torque ripple of mode I is the lowest. The torque ripple of
modes II–IV are almost the same. For m = 0.8, the torque ripple
of modes III–V are still significantly lower than that of TPWM.
Mode V performs similarly to TPWM under this condition.
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Fig. 18. Switching process of different modulation modes.

TABLE III
PERFORMANCE COMPARISON OF TPWM AND THE PROPOSED STRATEGY

Fig. 18 shows speed n of OW-PMSM, PWM signal SA1, phase
voltage vA, line voltage vAB, and three-phase current iA/iB/iC
during the switching process from mode I to mode V under
the condition of n = 600 r/min and TL = 9 N·m. It can be
seen that the motor speed is stabilized at 600 r/min before and
after the switching of different modulation modes. It verifies that
the proposed multimode modulation strategy can realize smooth
switching between different modulation modes.

Table III gives the operating efficiency of the dual-inverter
measured by a power analyzer under the condition of m =
0.5 and m = 0.8. For m = 0.5, the operating efficiency of
TPWM and mode I are approximately the same. While for modes
II–V, the operating efficiency is gradually increased with the
decrease of switching actions in each carrier period. And the
same conclusion can be obtained in condition of m = 0.8.

The variation of ITHD against m for TPWM and modes I–V
is shown in Fig. 19. ITHD of mode I is the lowest when m <
0.5. ITHD decreases by nearly 30% compared with TPWM. In
conditions of modes II–IV, ITHD is also lower than TPWM.
While for mode V, ITHD is slightly higher than TPWM. When
0.5 < m < 0.7, ITHD of modes III and IV are lower than TPWM,
and there is not significant difference between these two modes.

Fig. 19. Variation of ITHD against m for TPWM and modes I–V.

Fig. 20. Trends of the inverter operating efficiency with the variation of m.

When m > 0.7, ITHD of mode V is higher than TPWM. ITHD of
the mode III and mode IV is lower than TPWM. ITHD of mode
III is the lowest. In the whole modulation range, the waveform
quality of the output current will be optimal if mode I is adopted
when m < 0.5 and mode III is used when m > 0.5.

Fig. 20 shows the variation of operating efficiency in terms of
modulation index. The efficiency of TPWM is relatively lower
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in the whole modulation index range. For 0 < m < 0.5, the
efficiency is essentially the same under TPWM and mode I. The
efficiency of modes II–IV is essentially the same but higher than
TPWM, while the efficiency of mode V is significantly higher
than modes II–IV. For 0.5 < m < 1, the efficiency of mode V is
still higher than other Modes and TPWM.

The versatility of the proposed multimode modulation strat-
egy is discussed as follows.

1) The proposed multimode modulation strategy can be ap-
plied to dual neutral-point clamped three-level inverters.
When the two inverters on both sides of the motor can
output more voltage levels, more modulation modes can
be designed.

2) If the voltage of the two isolated dc sources is not equal, the
number of redundant voltage vectors in the space vector
diagram will be reduced. Therefore, the reference vector
could not be synthesized by the nearest basic vectors. The
implementation of the multimode modulation strategy will
be constrained.

V. CONCLUSION

A multimode carrier-based modulation strategy is proposed
for dual-inverter fed OW-PMSM with isolated dc sources. Com-
pared with traditional modulation methods, the proposed strat-
egy has the following advantages.

1) Redundant switching states of dual-inverter is fully uti-
lized. The reference voltage is always synthesized by the
nearest switching state. the output waveform quality of
dual-inverter is effectively improved.

2) Five modulation modes of dual-inverter are designed by
the flexibly combination of CPWM, DPWM and DCM.
Thus, the number of switching actions of dual-inverter
can be changed from 2 to 6 in each carrier period.

3) The output performance and efficiency of OW-PMSM sys-
tem can be improved under different working conditions
by the use of different modulation modes.
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