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Abstract—In the field of high-performance motor control, 
accurate sampling of motor currents is essential for precise 
control and stability. To achieve reliable measurement of a 
motor’s three-phase currents, it is typically necessary to install at 
least two high-precision current sensors. However, using 
multiple sensors increases the volume and cost of the control 
system, thereby creating challenges for cost management and 
controller miniaturization. This paper investigates a phase 
current reconstruction technique that employs only one current 
sensor mounted on the direct current (DC) bus. The primary 
goal is to address the current reconstruction dead zones that 
occur in low modulation regions and sector boundary regions 
under space vector pulse width modulation (SVPWM) control. 
To resolve this issue, two hybrid pulse width modulation 
(HPWM) methods are proposed: one combining remote state 
pulse width modulation (RSPWM), near state pulse width 
modulation (NSPWM), and SVPWM, and the other combining 
RSPWM and NSPWM. Experiments with different voltage 
utilization have been conducted for both types of HPWM. Both 
schemes enable 100% voltage utilization for motor control 
utilizing only a DC-bus current sensor, and the algorithm for 
HPWM determination has been introduced.① 

Index Terms—Direct current (DC)-bus current sensor, motor 
control, Near state pulse width modulation (NSPWM), Phase 
current reconstruction, Remote state pulse width modulation 
(RSPWM), Space vector pulse width modulation (SVPWM). 

I. INTRODUCTION 

or high-performance three-phase electrical machine 
control, the dual closed-loop control scheme is commonly 

employed to drive machines, which has the advantages of 
strong anti-interference ability, fast response, and operation 
stability. To implement vector control, it is necessary to 
obtain the information of three-phase currents, which is 
typically achieved through the installation of three current 
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sensors for phase current detection. However, installing 
multiple sensors increases the volume and cost of the control 
system. Therefore, some studies have proposed a current 
reconstruction technique based on a direct current (DC)-bus 
current sensor [1]. It can not only reduce the volume and cost 
of the whole system, but also be used as a fault-tolerant 
operation scheme for some high-reliability applications where 
phase current sensor failure might occur. 

By installing a current sensor on the DC bus, different 
phase currents can be measured according to different 
switching states. In the space vector pulse width modulation 
(SVPWM) control method, the voltage vector within each 
cycle is composed of zero voltage vectors and two adjacent 
non-zero voltage vectors. Assuming that the phase currents 
remain constant during a pulse width modulation (PWM) 
cycle, two phase currents are measured during the application 
of two non-zero voltage vectors. Subsequently, the third phase 
current value is calculated based on the principle that the sum 
of the three-phase currents is zero. 

The utilization of SVPWM encounters a challenge in 
current sampling completion due to the requisite duration of 
non-zero vectors. Consequently, a phase current reconstruction 
blind zone arises with SVPWM implementation. In the sector 
boundary regions, there is a non-zero voltage vector whose 
duration time is too short to complete the sampling, so that 
only one phase current can be measured. And in the low 
modulation region, the duration times of the two non-zero 
voltage vectors are too short to complete the current sampling 
of either phase. Therefore, there is a phase current 
reconstruction blind zone at both the sector boundary region 
and the low modulation region when employing SVPWM. In 
response to this challenge, various studies have explored 
alternative strategies. Some studies have proposed the pulse 
insertion method, which involves inserting three non-zero 
voltage vectors after each SVPWM cycle for current 
measurement [2]-[6]. Nevertheless, this approach incurs 
increased switching losses and prolongs PWM cycle with zero 
voltage, consequently reducing voltage utilization. Some 
studies proposed the pulse shift method, which trims the 
PWM waveform by shifting it to extend the corresponding 
voltage vector duration [7]-[11]. However, this method is 
computationally complex and difficult to realize in industrial 
embedded systems. Reference [12] addressed the low voltage 
utilization issue of the pulse shift method through the 
application of overmodulation control. Reference [13] 
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introduced a non-zero compensation vector PWM method. 
However, this method involves a phase switching four times 
between two sectors, thereby increasing switching losses. 
Reference [14] expanded the measurable region by integrating 
insertion vectors into SVPWM. This method results in 
intensively frequent switching in the low modulation region, 
leading to increased switching losses. Reference [15] 
expanded the measurable region by using active zero state 
pulse width modulation (AZSPWM). Another avenue of 
investigation involves assuming sinusoidal phase currents when 
insufficient sampling time precludes accurate reconstruction. 
This approach utilizes observers and sinusoidal curve fitting 
for phase current reconstruction. However, its effectiveness 
relies on the validity of the sinusoidal assumption [16]-[17]. 
Some studies have proposed methods employing current state 
observers for three-phase current estimation. However, the 
complexity of the state observer’s control structure and its 
sensitivity to variations in system parameter models pose 
significant challenges for practical implementation [18]-[20]. 

This paper analyzes the performance of SVPWM, remote 
state pulse width modulation (RSPWM), and near state pulse 
width modulation (NSPWM) under a DC-bus single current 
sensor setup. RSPWM allows phase current reconstruction 
without measurement blind zones in the low modulation 
region. NSPWM achieves the same across most of the high 
modulation region, except near the six corners of the voltage 
hexagon. To overcome the blind zones of SVPWM in both 
low and high modulation regions, a hybrid PWM (HPWM) 
method, named HPWM1, is developed that combines 
RSPWM, NSPWM, and SVPWM. Additionally, a simplified 
method using only RSPWM and NSPWM, called HPWM2, is 
proposed. HPWM2 also achieves nearly no phase current 
reconstruction blind zone across a high voltage utilization 
range, except at the hexagon corners. Both methods aim to 
minimize reconstruction blind zones and improve voltage 
utilization. The harmonic performance, reconstruction 
accuary, common-mode voltage (CMV), and switching losses 
of the two strategies are compared in this study. As for the 
medium modulation regions, HPWM1 features a lower 
reconstruction error; however, HPWM1 introduces higher 
harmonic distortion compared to HPWM2. HPWM2 achieves 
both lower common-mode interference and lower switching 
losses in medium and high modulation regions. 

II. PRINCIPLE OF PHASE CURRENT RECONSTRUCTION 

The typical voltage-source inverter configuration is shown 
in Fig. 1. In a three-phase inverter, there are two switching 
states of each phase; Sx = 1 (where x represents phases A, B or 
C) represents that the upper bridge arm of the respective phase 
is active. Conversely, Sx = 0 represents that the lower bridge 
arm is active. This results in a total of eight distinct switching 
states for inverter. The relationship between switching states 
and the basic voltage vectors is illustrated in Fig. 2. 

PWM techniques are widely used in inverters to synthesize 
a continuous reference voltage by adjusting the pulse widths 
within each switching cycle. The resulting CMV is defined as 
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Fig. 1. Three-phase voltage source inverter with DC-bus current sensor. 
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Fig. 2. DC-bus current corresponding to different voltage vectors. 
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where Va, Vb, and Vc represent the three-phase voltages [21]. 
The current measurement method using only one DC-bus 

current sensor is based on the fact that there is a correspondence 
between DC-bus current and phase current across varying 
switching states. This correspondence enables the derivation 
of distinct phase current information for each state of the 
power device’s switching. The relationship between DC-bus 
current and phase current across different fundamental voltage 
vectors Vi(SA, SB, SC) is also illustrated in Fig. 2. 

In the SVPWM control method, the voltage vector in each 
cycle is composed of a combination of zero voltage vectors 
and two adjacent non-zero voltage vectors. As shown in 
Fig. 3, the DC-bus current varies with the switching state 
corresponding to sector I in Fig. 2. During the application of 
V1 and V2, the DC-bus current is sampled to obtain the A-
phase and C-phase currents, respectively. Using the principle 
that the sum of three-phase currents is zero, the information of 
all three-phase currents can be reconstructed. 
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Fig. 3. The ideal waveform of DC-bus current variation with switching states. 
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Ideally, the current changes are synchronized with the 
switching state and can be sampled instantaneously. However, 
as illustrated in Fig. 4, discrepancies exist between the ideal 
and actual scenarios: The ideal current is represented by the 
red solid line, whereas the actual current is depicted by the 
black dashed line. The presence of dead time Td is crucial to 
prevent simultaneous conduction in the upper and lower 
power devices. Additionally, factors such as switching time 
Ton, settling time Tset influenced by switching parameters and 
motor inductance, and analog-to-digital (A/D) conversion 
time TAD further complicate the measurement process. To 
accurately measure the corresponding current, the activation 
of the voltage vector is imperative. This process necessitates a 
minimum duration time for the voltage vector action, which 
must be sufficient to capture the requisite current data 
effectively. This requirement is quantified in (2) 

0 Ai Ci−
dci

onTdT setT ADT

 
Fig. 4. Comparison of ideal current and actual current. 
 

min d on set AD sT T T T T DT= + + + =  (2) 
where Ts denotes the inverter’s switching period, while D 
represents the ratio of the minimum duration time required for 
the voltage vector to the switching period. 

In SVPWM, there exists a non-zero voltage vector with too 
short duration time for successful measurement in the sector 
boundary region. And in the low modulation region, both non-
zero voltage vectors exhibit such a short duration time that no 
current information can be accurately captured for any phase. 
As illustrated in Fig. 5, the central hexagram region is the 
phase current reconstruction blind zone Ⅰ in the low 
modulation region, where no phase current information can be 
obtained. The orange region is the phase current 
reconstruction blind zone Ⅱ in the sector boundary region, 
where only one phase current can be obtained. And the other 
region is the measurable region where all three-phase currents 
can be reconstructed. Analytically, a region is considered 
measurable if at least two phase currents can be successfully 
sampled from the DC-bus current sampling within a PWM 
cycle. Conversely, a reconstruction blind zone is defined as an 
operating condition where only one phase current or no phase 
current at all can be successfully sampled. Under SVPWM, 
unavoidable theoretical blind zones exist in the low 
modulation region and at the sector’s boundary region 
between adjacent voltage sectors. 

If the four-segment SVPWM is used, where one switching 
period is divided into four segments instead of seven, the 
reconstruction blind zone is halved because the effective 
voltage vector is not split into two halves. However, the 
reconstruction blind zone is not completely eliminated. 
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Fig. 5. Blind zone of phase current reconstruction with SVPWM. No phase 
current can be obtained in phase current reconstruction blind zone Ⅰ, and only 
one phase current can be obtained in blind zone Ⅱ. 

III. PWM METHOD BASED ON DC-BUS CURRENT SENSOR 

A. Remote State Pulse Width Modulation 
The phase current can only be obtained by sampling the 

DC-bus current during the application of non-zero vectors. 
Therefore, it is possible to synthesize the desired voltage by 
applying only non-zero voltage vectors within a single 
switching period. The desired voltage can be synthesized 
using three remote non-zero fundamental voltage vectors, 
such as V1, V3, and V5, as depicted in Fig. 6. It can be seen that 
the CMV is constant at ±Vdc/6. This method is known as 
RSPWM. 

 
Fig. 6. Working principle of RSPWM. 

According to the operational principle of RSPWM, the 
relationship between the specified voltage and the three 
effective voltage vectors within the αβ stationary reference 
frame satisfies (3), which can be expanded to obtain (4) 

s s 1 1 3 3 5 5

s 1 3 5

T V T V T V T V
T T T T
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 (3) 
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where Vα, β denotes the voltage in the αβ phase; Vdc represents 
the DC bus voltage; T1, T3, and T5 are the duration time of V1, 
V3, and V5, respectively. The solution to these relationships 
yields the duration time of the three vectors as expressed  
in (5): 
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For the successful reconstruction of three-phase currents 
using RSPWM, it is essential that the duration time of at least 
two of the three effective voltage vectors exceeds Tmin. The 
operating region of the RSPWM is depicted in Fig. 6. The 
orange region is the phase current reconstruction blind zone 
Ⅱ. The central triangular region is the measurable region 
where RSPWM can be used to reconstruct all three-phase 
currents. The pink region is the inaccessible region that cannot 
be achieved using only the three basic voltage vectors V1, V3, 
and V5. 

Voltage utilization ratio is defined as the ratio of the 
maximum fundamental phase voltage an inverter can output to 

dc / 3V . When the ratio equals unity, the applied voltage 
vector corresponds to the inscribed circle of the hexagon 
formed by the voltage vectors in the space vector diagram. 
The maximum amplitude of the voltage vector that can be 
synthesized is limited to Vdc/3 without overmodulation by V1, 
V3, and V5. As shown in Fig. 6, the voltage utilization ratio 
achieved under this specific PWM control strategy is 3 / 3  . 
By incorporating the basic vectors V2, V4, and V6, the 
operational area forms a hexagram-shaped region, as 
illustrated by Fig. 7. As shown in Fig. 7, the maximum 
voltage amplitude is increased from dc /3V in Fig. 6 to 

dc2 3 /9V  , and the voltage utilization ratio rises from 3/3  
to 2/3. The CMV is constant at ±Vdc/6 per PWM period and 
varies six times over each fundamental electrical cycle. This 
configuration covers the entire low modulation region and the 
sector boundary region in the medium modulation region, 
with reconstruction blind zones occurring only at the  
six corners. 

B. NSPWM 
NSPWM uses three near non-zero fundamental voltage 

vectors, such as V6, V1, and V2, to synthesize the desired 
voltage vector, as shown in Fig. 8. It can be seen that the 
switching losses are reduced because one phase leg does not 

switch during each PWM period. Concurrently, the CMV 
remains at ±Vdc/6, which varies twice within each PWM 
period.  
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Fig. 7. Working zone of RSPWM. 

 
Fig. 8. Working principle of NSPWM. 

Taking Fig. 8 as an example, the operational principles of 
NSPWM dictate that the relationship between the given 
voltage and the three effective voltage vectors in the αβ 
stationary reference frame must satisfy (6): 
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By solving (6), the duration time of these vectors is 
determined as follows: 
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In order to successfully reconstruct the three-phase 
currents, the duration time of at least two effective voltage 
vectors must exceed Tmin. As a result, the effective working 
area in NSPWM with V6, V1, and V2 is shown in Fig. 8. The 
entire working zone of NSPWM is shown in Fig. 9. The 
orange region is the phase current reconstruction blind zone 
Ⅱ. The light blue region is the measurable region where 
NSPWM can be used to reconstruct all three-phase currents. 
The pink area is the inaccessible region that cannot be 
achieved. 
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Fig. 9. Working zone of NSPWM. 

C. Hybrid Pulse Width Modulation Methods 
From the above analysis, it can be concluded that there is 

no reconstruction blind zone in both the low modulation 
region and the sector boundary region at medium modulation 
region with RSPWM, while there is no reconstruction blind 
zone in the sector boundary region at high modulation region 
with NSPWM. Therefore, RSPWM and NSPWM can be 
utilized to address the reconstruction blind zone of four-
segment SVPWM in the low modulation region and sector 
boundary region. An HPWM that combines SVPWM with 
RSPWM and NSPWM, referred to as HPWM1 in this paper, 
has been proposed to achieve high voltage utilization without 
reconstruction blind zones. The operational region is 
illustrated in Fig. 10, RSPWM is used in the low modulation 
region; the combination of SVPWM with RSPWM is used in 
the medium modulation region, and the combination of 
SVPWM with NSPWM is used in the high modulation region. 
As shown in Fig. 10, this method can deliver a maximum 
fundamental phase voltage amplitude of 2(1−D)Vdc/3, 
corresponding to a voltage utilization ratio of dc2(1 ) / 3D V−  
without current reconstruction blind zones, and achieves 
100% voltage utilization when 1 3/2D < − . The HPWM1 
strategy ensures current continuity and control stability across 
its full operating range by dividing operation into specific 
regions. In the RSPWM and NSPWM regions, zero-voltage 
vectors are avoided, inherently preventing current 
discontinuity. In the SVPWM region, each active vector’s 
application time exceeds Tmin, further ensuring continuity. 
This approach eliminates the current dropout risks inherent in 
conventional methods, thereby guaranteeing system 
controllability. 

 
Fig. 10. Working zone of HPWM1. 

As previously mentioned, NSPWM exhibits no 
reconstruction blind zone in the high modulation region 
except at the six corners of the voltage vector hexagon. 
However, it cannot operate in the modulation ratio region 
below 2/3. In contrast, RSPWM can achieve operation 
without reconstruction blind zone specifically within the 
modulation ratio region below 2/3. An HPWM that combines 
RSPWM with NSPWM, referred to as HPWM2 in this paper, 
has been proposed to achieve high voltage utilization without 
reconstruction blind zones. HPWM2 offers a more 
streamlined solution than HPWM1. It uses only two 
modulation strategies, while HPWM1 employs three. Despite 
this simplification, it maintains the same high voltage 
utilization and has no current reconstruction blind zones. The 
operational region of HPWM2 is illustrated in Fig. 11. 

 
Fig. 11. Working zone of HPWM2. 

It can be observed that the measurement blind zones for 
both HPWM schemes are confined solely to the six corners of 
the voltage vector hexagon. In practice, the operating voltage 
vector typically does not reach these extreme corners. 
Therefore, the reconstruction blind zones associated with the 
proposed HPWM controls are avoidable blind zones. 
Regarding CMV performance, the RSPWM scheme generates 
a CMV of ±Vdc/6, which remains constant throughout a PWM 
period. The NSPWM scheme also produces a CMV of ±Vdc/6, 
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but its polarity changes twice within one PWM period. In 
contrast, the SVPWM scheme yields CMV levels of ±Vdc/2 
and ±Vdc/6, with its value changing four times per PWM 
period. Consequently, except in the low modulation index 
region where both HPWM strategies employ RSPWM and 
thus share identical CMV performance, HPWM2 achieves 
superior CMV characteristics in all other operating regions, 
and HPWM2 achieves superior CMV characteristics in other 
operating regions. Furthermore, in terms of switching losses, 
NSPWM maintains one phase’s switching state unchanged 
while the other two phases switch once each per PWM period. 
Both RSPWM and SVPWM, however, require one switching 
action per phase per period. Thus, HPWM1 and HPWM2 
exhibit comparable switching losses in the low modulation 
region, while HPWM2 achieves lower switching losses in the 
high modulation region. 

IV. EXPERIMENT RESULT 

In order to verify the effectiveness of the methods proposed 
in this paper, an experimental platform, as shown in Fig. 12, 
was constructed. An STM32H743 microcontroller is used in 
this platform to perform motor control, output PWM signals, 
and conduct A/D conversion operating at a switching 
frequency of 10 kHz. A high-frequency current probe is 
employed to compare the accuracy of the reconstructed 
current. Notably, it is not utilized as feedback for motor 
control. 

Test motor Load motor

 current probe

Motor driver
PC

 
Fig. 12. Platform of experiment. 

The system control block diagram is provided in Fig. 13. 
The parameters of the motor used in the experiments are 
detailed in Table Ⅰ. In the experimental platform, the dead 
time Td is set to 1 μs. Based on experimental measurements, 
the on-time delay Ton is approximately 0.9 μs. The oscillation 
time Tset is affected by the current variation, stray inductance, 
and stray resistance. Here, larger current steps and stray 
inductance or smaller stray resistance leads to longer Tset, and 
vice versa, making precise calculation difficult. 
Experimentally, its maximum value is measured as about 3.5 
μs. And the A/D conversion time TAD is configured as 2 μs. 
Based on (2), the calculated Tmin is 7.5 μs. In hybrid PWM 
control, the calculation of turn-on and turn-off instants for 

each phase varies depending on the specific PWM method 
employed, making it challenging to trigger the switching 
devices using a unified set of microcontroller unit (MCU) 
timer comparison rules. To address this, the switching signals 
are generated by directly setting the input/output (I/O) ports to 
high or low levels through timer interrupt service routines. It 
should be noted that the execution of these routines is not 
instantaneous and requires a finite amount of time. To 
incorporate a safety margin in the experimental set up, the 
A/D conversion trigger is deliberately issued after a delay of 
at least 8 μs. Consequently, Tmin is 10 μs in practice, with D 
set as 0.1. Consequently, the theoretically analyzed 
measurement blind zones are larger than those observed in 
practice. Due to the asymmetry of PWM waveform within a 
switching cycle, an A/D conversion strategy is employed to 
ensure that the sampled current value approximates the 
average current value over the switching cycle. When the 
duration time of the switching state exceeds 2Tmin, the A/D 
conversion is initiated at the midpoint of the switching state. 
If the duration time is less than 2Tmin, the A/D conversion 
begins 8 μs after the turn-on signal is issued. 

TABLE I 
PARAMETERS OF PMSM AND INVERTER 

Symbol Parameter Value 
P Number of pole pairs 3 
R Stator resistance/Ω 0.43 
Ld d-axis inductance/mH 1.78 
Lq q-axis inductance/mH 2.49 
ψf Flux of permanent magnet/(V·s) 3.03×10−3 
J Moment of inertia/(kg·m2) 26×10−5 

Vdc DC voltage/V 100 
fs Switching frequency/kHz 10 

 

 
Fig. 13. Control diagram for PMSM. 

In practical implementation, the DC-bus current is sampled 
at different switching states within one PWM period to 
reconstruct the phase current information. If the field-oriented 
control (FOC) calculation were performed only after all phase 
currents are reconstructed, the final sample, which may occur 
late in the PWM period, could leave insufficient time to 
complete the computation. Therefore, the currents sampled 
during one PWM period are used for the FOC calculations of 
the subsequent period, as illustrated in Fig. 14. This results in 
a one-PWM-period delay between the reconstructed current 
and the actual system current. 
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Start

Calculate the three-phase currents from the DC-link 
current sampled in the previous PWM period, 

based on their corresponding relationship.

Perform the Field-Oriented Control (FOC) 
calculation to obtain the reference voltage values

Select the PWM method based on the reference 
voltage.

Determine the active voltage vectors and compute 
their corresponding application durations.

Schedule current sampling and derive the current 
mapping using the dominant voltage vectors.

Generate commands for PWM output and current 
sampling.

End  
Fig. 14. Control diagram for HPWM. 

The experiment was conducted in the low modulation 
region, where only RSPWM was used in both HPWM1 and 
HPWM2, with modulation ratios of 12% at 400 r/min and 
19% at 800 r/min. The speed and A-phase current are shown 
in Figs. 15 and 16, where the blue line represents the actual 
current and the orange dashed line represents the 
reconstructed current. It can be observed that speed control 
was successfully achieved, and the reconstructed current 
closely followed the actual current. 

 
Fig. 15. Experiment result in low modulation region. 

 

 
(a) (b) 

Fig. 16. A-phase current waveforms in low region (zoom in). (a) HPWM/ 
400 r/min. (b) HPWM/800 r/min.  

The experimental results for CMV are presented in Figs. 17 
and 18. Within each switching period, the CMV remains 
nearly constant and exhibits six variations per electrical cycle. 
However, due to the dead time and propagation delays in the 
switching signals generated by the program, voltage spikes 
appear in the CMV waveform. 

 
Fig. 17. Experiment result of CMV with RSPWM. 
 

 
Fig. 18. Experiment result of CMV with RSPWM (zoom in). 

The total harmonic distortion (THD) is used to measure the 
harmonic component of the current, while the standard 
deviation (SD) is used to measure the error between the 
reconstructed current and the actual current. The THD reflects 
the harmonic performance, with a lower value denoting fewer 
harmonics under the specific PWM strategy. Meanwhile, the 
SD is minimized precisely when the reconstructed current 
matches the intra-period average current. Consequently, SD 
directly quantifies reconstruction accuracy: minimizing SD 
enhances reconstruction fidelity, thereby enabling higher-
precision motor control. The calculation formulas are shown 
in (8) and (9) 

2

=1 2
THD 1

n
n

I
I

+∞

= ∑  (8) 
 

( )f 2
act rc0

f

SD 1 d
T

ii t
T

= −∫  (9) 

where I1 represents the root mean square (RMS) value of the 
fundamental component of the current; In represents the  
RMS value of the nth harmonic component; Tf is the 
fundamental period; iact is the actual current; irc is the 
reconstructed current. 

The THDs at 400 and 800 r/min are 9.68% and 9.25%, 
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respectively, while the SDs are 0.37 and 0.36A. When only 
RSPWM is used, there is no significant difference in SD and 
THD at different speeds. 

Voltage-source inverters control the switching devices to 
generate a series of voltage pulses with equal amplitude but 
varying widths at their output ports. However, the desired 
output voltage is a continuous quantity. Thus, within a single 
switching period, the average value of the pulsed voltage 
matches the desired voltage, but the instantaneous voltage 
difference induces a corresponding current ripple. 
Consequently, harmonics and reconstruction errors are 
inevitably present in practical implementations. In this 
context, [22] derived the peak-to-peak current ripple 
expression for a single-phase inverter over both positive and 
negative half-cycles. Meanwhile, [23] analyzed the current 
ripple in a symmetrical three-phase inductive load by 
establishing Thevenin equivalent circuits for different 
switching states. In interior permanent magnet synchronous 
motor (IPMSM) drives, the three-phase inductive load varies 
with rotor position due to the unequal d- and q-axis 
inductances. Therefore, current ripple prediction is typically 
conducted in the dq reference frame [24]. 

Under the id = 0 control strategy, at full-load operation with 
iq = 6 A, the current ripple characteristics of A-phase in the 
low modulation region for two different speeds are illustrated 
in Fig. 19. It can be observed that the current ripple exhibits 
only a marginal decrease as the speed increases. 

 
Fig. 19. Current ripple in low modulation region. 

Experiments were conducted using HPWM1 and HPWM2 
in the medium modulation region, where the combination of 
RSPWM with SVPWM was used in the HPWM1 and only 
RSPWM was used in the HPWM2, with modulation ratios of 
23% at 1000 r/min and 50% at 2500 r/min. The experiment 
results are shown in Figs. 20 and 21. 

The THDs at 1000 r/min are 10.73% with HPWM1 and 
8.46% with HPWM2. While the SDs are 0.40 A with 
HPWM1 and 0.37 A with HPWM2. In this operating 
condition, using HPWM1 results in RSPWM control for the 
majority of the time, with only brief periods of SVPWM 
control. Therefore, there is no significant difference in SD 
between HPWM1 and HPWM2. However, the switching 
between different PWM modes results in a higher THD for 
HPWM1 compared to HPWM2, where only RSPWM is used. 
The THDs at 2500 r/min are 9.58% with HPWM1 and 8.09% 
with HPWM2. While the SDs are 0.43 and 0.53 A, 
respectively. In this operation condition, using HPWM1 
results in SVPWM control for majority of the time, with only 
brief periods of RSPWM.  Due to the involvement of zero 
vectors in SVPWM control, the THD in HPWM was  reduced 

 
(a) 

 
(b) 

 
(c) 

Fig. 20. Experiment result in medium modulation region. (a) speed. (b) A-
phase current with HPWM1. (c) A-phase current with HPWM2.  
 

 
(a) (b) 

 
(c) (d)  

Fig. 21. A-phase current waveforms in medium modulation region (zoom in). 
(a) HPWM1/1000 r/min. (b) HPWM1/2500 r/min. (c) HPWM2/1000 r/min. 
(d) HPWM2/2500 r/min.  

as voltage utilization increased, and the SD for HPWM1 was 
smaller than that for HPWM2. 

In this operating region, HPWM1 operates as a 
combination of RSPWM with SVPWM, and its experimental 
CMV waveform is shown in Fig. 22. The RSPWM segments 
maintain an almost constant CMV per PWM cycle, consistent 
with Fig. 18, whereas the SVPWM segment, shown in  
Fig. 23, exhibits CMV values of ±Vdc/2 and ±Vdc/6, changing 
four times per PWM cycle. HPWM2 continues to employ 
only RSPWM, and its CMV waveform resembles those 
shown in Figs. 17 and 18. 

The current ripple characteristics of the two HPWM 
methods in the medium modulation region at different speeds  
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Fig. 22. Experiment result of CMV with hybrid of RSPWM and SVPWM. 

 

 
Fig. 23. Experiment result of CMV with SVPWM (zoom in). 

are shown in Fig. 24. As can be observed, the current ripple of 
both methods decreases as the speed increases, leading to a 
corresponding reduction in THD. However, in practice, the 
reconstructed current lags the actual current by one PWM 
cycle due to the reconstruction process. Consequently, as the 
speed increases, the change in current between two 
consecutive PWM cycles becomes more significant, resulting 
in an increase in the reconstruction error. 

 
Fig. 24. Current ripple in medium modulation region. 

Experiments were conducted using HPWM1 and HPWM2 
in the high modulation region, where the combination of 
NSPWM with SVPWM was used in the HPWM1 and only 
NSPWM was used in the HPWM2, with modulation ratios of 
68% at 3500 r/min and 96% at 5000 r/min. The experiment 
results are shown in Figs. 25 and 26. 

The THDs at 3500 r/min are 7.77% with HPWM1 and 
8.2% with HPWM2. While the SDs are 0.43 and 0.53 A, 
respectively. The THDs at 5000 r/min are 4.90% with 
HPWM1 and 4.73% with HPWM2. While the SDs are 0.63 
and 0.64 A, respectively. Due to the involvement of SVPWM 
in HPWM1, and its duration grows with the increase in 
voltage utilization. As a result, the THD at 5000 r/min is 
lower than that at 3500 r/min, and at 3500 r/min, the THD and 
SD of HPWM1 are smaller than those of HPWM2. At 
5000 r/min, the voltage utilization approaches 100%, resulting 
in the operating vectors and duration for HPWM1 and 
HPWM2 being similar. As a result, the THD and SD values 
are nearly equal. 

 
(a) 

 
(b) 

 
(c) 

Fig. 25. Experiment result in high modulation region. (a) Speed. (b) A-phase 
current with HPWM1. (c) A-phase current with HPWM2.  

 

 
(a) (b) 

 
(c) (d) 

Fig. 26. A-phase current waveforms in high modulation region (zoom in). (a) 
HPWM1/3500 r/min. (b) HPWM1/5000 r/min. (c) HPWM2/3500 r/min. (d) 
HPWM2/5000 r/min.  

In this operating region, HPWM1 employs the combination 
of NSPWM with SVPWM, with its CMV waveform shown in 
Fig. 27.  The  SVPWM  segments correspond to the waveform  

 
Fig. 27. Experiment result of CMV with hybrid of NSPWM and SVPWM. 
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in Fig. 23, whereas the NSPWM segment, shown in Fig. 28, 
exhibits CMV values of ±Vdc/6, changing twice per PWM 
cycle. HPWM2 employs only NSPWM control, and its CMV 
is presented in Figs. 28 and 29. It can be observed that the 
CMV is primarily ±Vdc/6 and varies twice per PWM cycle. 

 
Fig. 28. Experiment result of CMV with NSPWM (zoom in). 

 

 
Fig. 29. Experiment result of CMV with NSPWM. 

The current ripple characteristics of the two HPWM 
methods in the high modulation region at different speeds are 
shown in Fig. 30. Similarly to the behavior in the medium 
modulation region, the current ripple for both methods 
decreases with increasing speed. 

 
Fig. 30. Current ripple in high modulation region. 

V. ALGORITHM FOR HPWM DETERMINATION 

In Section IV, experiments are conducted to compare the 
two HPWM methods across various modulation regions, with 
their SD, THD, and CMV measured and evaluated. The 
performance is summarized in Tables II and III. 

TABLE II 
PERFORMANCE OF HPWM1 

Speed/(r/min) SD/A THD 
Switching 

loss/W 
(simulation) 

CMV 

400 0.37 9.68% 0.6831 ±Vdc/6 
Low frequency 800 0.36 9.25% 0.6841 

1000 0.40 10.73% 0.6932 ±Vdc/6, ±Vdc/2 
High frequency 2500 0.43 9.58% 0.7115 

3500 0.45 7.77% 0.6726 ±Vdc/6, ±Vdc/2 
High frequency 5000 0.63 4.90% 0.6848 

TABLE III 
PERFORMANCE OF HPWM2 

Speed/(r/min) SD/A THD 
Switching 

loss/W 
(simulation) 

CMV 

400 0.37 9.68% 0.6831 
±Vdc/6 

Low frequency 
800 0.36 9.25% 0.6841 

1000 0.40 8.46% 0.6882 
2500 0.43 8.09% 0.6912 
3500 0.45 8.20% 0.4142 ±Vdc/6 

Medium frequency 5000 0.63 4.73% 0.4158 
 
Based on the comparative results in Tables II and III: 
Reconstruction accuracy: HPWM1 achieves a lower SD, 

indicating superior accuracy. 
Harmonic performance: Both methods exhibit identical 

harmonic characteristics at low modulation region. HPWM2 
yields lower harmonics at medium modulation region, while 
HPWM1 performs better at high modulation region. 

Switching loss: Theoretical and simulation analyses 
confirm that HPWM2 has lower switching loss. 

CMV performance: HPWM2 exhibits smaller amplitude 
and lower frequency variations, thus generating less common-
mode noise and interference. 

Accordingly, HPWM1 is the optimal choice when 
reconstruction accuracy is prioritized, whereas HPWM2 is 
preferable when minimizing common-mode interference and 
switching losses under single DC-bus current sensing. 

VI. CONCLUSION 

This paper analyzes the phase current reconstruction 
principle using only one DC-bus current sensor and 
investigates the operating regions and phase current 
reconstruction blind zones of SVPWM, RSPWM, and 
NSPWM. Two hybrid PWM methods are proposed: HPWM1, 
which integrates SVPWM, RSPWM, and NSPWM; and 
HPWM2, which combines RSPWM and NSPWM. 
Experimental evaluations were carried out in low, medium, 
and high modulation regions. On the experimental platform, 
both methods achieve 100% voltage utilization without 
current reconstruction blind zones. Based on the experimental 
results, the algorithm to determine the current strategy for a 
specific sample following HPWM1 or HPWM2 was provided. 

The harmonic characteristics, reconstruction errors, and 
CMV of the two HPWM strategies were compared. Results 
show that as the voltage utilization increases, the THD 
decreases for both methods, while the reconstruction error 
increases. The THD of HPWM1 decreased from 9.68% to 
4.90%, but increased to 10.73% in the transition region 
between RSPWM and SVPWM. Meanwhile, the SD of its 
reconstruction error increased from 0.37 to 0.63 A. For 
HPWM2, the THD decreased from 9.68% to 4.70%, while the 
SD of the reconstruction error increased from 0.37 to 0.64 A. 
Regarding CMV performance, both HPWMs share the same 
CMV at low modulation region, but HPWM1 shows higher 
CMV amplitude and frequency at medium and high 
modulation regions. 
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In the low modulation region, both HPWM methods exhibit 
identical performance since they operate solely with RSPWM. 
In the medium modulation region, HPWM1 achieves a 
smaller reconstruction error but exhibits increased THD due 
to the switching transitions between RSPWM and SVPWM. 
At moderately high voltage utilization levels, despite its more 
complex control structure, HPWM1 achieves a lower THD 
and reconstruction error than HPWM2 owing to the inclusion 
of zero vectors in SVPWM. However, at very high voltage 
utilization levels, particularly those approaching 100%, the 
performance of the two methods becomes comparable again. 
Under these conditions, the zero-vector duration in SVPWM 
becomes extremely short, and the active vector timings 
converge to those in NSPWM. Consequently, no significant 
difference is observed in harmonic performance or 
reconstruction error between the two strategies. In the 
medium and high modulation regions, HPWM1 exhibits 
higher CMV amplitude and frequency due to its use  
of SVPWM. 
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