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Abstract: In the five-phase-inverter adjustable speed system, a five-phase two-level inverter usually
adopts the nearest-two vector SVPWM (NTV-SVPWM) or the nearest-four vector SVPWM (NFV-
SVPWM). The former one has a high-output-current harmonic, which increases the power losses,
while the latter one has a low harmonic, but its sinusoidal voltage transfer ratio (VTR) is 0.812,
which decreases load capacity. To improve the loading capacity and decrease the power losses of the
five-phase-inverter adjustable speed system, a new space vector over-modulation method based on
multi-vector weighting is proposed in this paper, and harmonic characteristics of the proposed over-
modulation method are analyzed. The simulation results indicate that the proposed over-modulation
method has a lower output voltage error than that with the traditional NFV-SVPWM and has a lower
output current THD than that with the traditional NTV-SVPWM. The experimental results verify that
the proposed method is correct and feasible.

Keywords: NFV-SVPWM; NTV-SVPWM; hexagonal vector; voltage transfer ratio; vector weight;
harmonic characteristic

1. Introduction

Multi-phase machine drive systems have lower torque pulsation and fault tolerance,
which makes multi-phase machines more suitable for occasions of high precision and
reliability [1–3]. Because of their low-voltage high-power characteristics, the problems of
three-phase power circuit series and the parallel power devices caused by voltage and cur-
rent sharing can be avoided. Multi-phase machine drive systems have more control degrees
of freedom as the phase numbers increase. The fundamental and harmonic components
can be decoupled by vector space decomposition, and the harmonic components can be
controlled by the harmonic sub-plane, which can further improve the control characteristics
of the multi-phase machine drive system [4–7]. In the multi-phase machine drive system,
the traditional space-vector modulation strategy based on NFV-SVPWM has lower output
voltage harmonic content, but the maximum VTR in the linear modulation region is only
0.812. While the maximum VTR in the linear modulation region based on the NTV-SVPWM
is 0.9512, its output voltage harmonic content is high. Therefore, the NFV-SVPWM is widely
used in five-phase inverters.

To improve the loading capacity and operating performance of the five-phase variable-
frequency adjustable-speed control system, many experts and scholars have studied the
modulation strategy and fault tolerance control [8–24]. In [12], two modulation strategies
based on analyzing the traditional NTV-SVPWM were proposed, achieving minimum
switching losses. In [13], a discontinuous space vector PWM modulation method for
a five-phase inverter was proposed by using appropriate zero vectors. The switching
times were 1/5 less than with the continuous SVPWM, and the output voltage harmonic
characteristic was better than that of minimum switching loss PWM modulation in [12].
In [14], the NFV-SVPWM method of inhibiting the third harmonic was proposed. Aiming at
five-phase five-level diode neutral-point-clamped H-bridge inverters, a simplified SVPWM
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method was proposed, and a redundant short vector combined with a neutral-point current
direction control algorithm was used to adjust the neutral-point potential balance in [15]. A
predictive current control method with duty ratio optimization of constant switch frequency
for five-phase inverters was proposed in [16]. The topological structure was simplified,
and it still had a fast dynamic response speed, constant switch frequency, and minimum
current ripple. The model predictive control for five-phase inverters with Y-connection
resistance-inductance loads was analyzed in [17,18]. For the multi-phase machine drive
system, especially the five-phase variable-frequency adjustable-speed control system, the
three-phase inverter over-modulation strategy has been the most applied for its over-
modulation strategy. For example, in [19–22], the three-phase-inverter over-modulation
strategy was applied to the dual three-phase inverter and odd-phase variable-frequency
adjustable-speed control system, and the three-phase-inverter carrier over-modulation
strategy was applied to a five-phase inverter in [22], and the VTR of the five-phase inverter
improved by 17%. It can be seen that traditional three-phase SVPWM over-modulation is
mostly applied to the five-phase inverter, but a few documents have directly studied the
five-phase SVPWM over-modulation strategy.

In this paper, the five-phase SVPWM over-modulation strategy based on vector weight-
ing is presented. Firstly, the basic structure of the five-phase variable-frequency adjustable-
speed control system is introduced. Secondly, the operating principle of space-voltage four-
vector modulation and its output voltage harmonic characteristics are analyzed. Thirdly, an
SVPWM over-modulation strategy based on vector weighting is proposed, and its harmonic
characteristics are analyzed. Fourthly, the proposed SVPWM over-modulation strategy was
simulated and verified by experiments. Finally, the conclusions are drawn in the paper.

2. Topology Structure of Five-Phase Variable-Frequency Adjustable-Speed
Control System

Figure 1 shows the main circuit topological structure of a five-phase variable-frequency
adjustable-speed control system. The five-phase variable-frequency adjustable-speed con-
trol system consisted of a DC power source, five-phase inverter, and five-phase motor. The
variable-frequency speed control of the motor could be realized by adjusting the output
voltage and frequency of the five-phase inverter.
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Figure 1. Main circuit topological structure of five-phase variable-frequency speed control system.

In Figure 1, the five-phase inverter adopts a full-bridge structure. A1–E2 in Figure 1
are the switching devices. The DC side bus voltage was UD, i.e., VD in Figure 1, and each
bridge arm consisted of two power tubes, and the power tube turn-on and turn-off were
controlled by the modulation signal. From the control theory of the AC speed control
system, the voltage can be defined as space vectors a, b, c, d, and e, which were the axes
of the five-phase windings of the motor. Now define the five-phase voltage vectors Uaz,
Ubz, Ucz, Udz, and Uez, which were located on the axes of the five-phase winding, with the
neutral point of the motor winding as the reference point, and they differed from each other
by 2π/5 in spatial position, as shown in Figure 2.

Similar to the implementation of the SVPWM control algorithm for the three-phase
inverter, the implementation of the SVPWM control algorithm for the five-phase inverter
had the following main steps: generation of synthesis vectors, sector judgment, PWM
modulation, as well as specific implementation details. Among them, regarding the judg-
ment of the sector, it has been more complete in previous research, which was basically the
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same, and has been introduced more comprehensively in [25]. This paper also focuses on
the generation of synthesized vectors and the over-modulation in the following content,
while the specific implementation details are verified by the DSP-based FPGA experimental
platform in the experimental part of the article. Finally, the experimental effect of improving
the voltage transfer ratio was obtained.
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Figure 2. Schematic diagram of spatial distribution of five-phase voltage vector.

3. Operating Principle and Analysis of Harmonic Characteristics of Traditional
Five-Phase Space Voltage Vector Modulation
3.1. Operating Principle

Figure 3 shows the vector diagram of a five-phase inverter. When the inverter output
phase voltage is referenced to the DC bus neutral, its five-phase synthesized voltage vector
can be expressed by Equation (1). Thus, the five-phase synthesized vector was related to
the five-phase inverter switching function. The five-phase switching function is defined as
Sw = [Swa, Swb, Swc, Swd, Swe], when the upper bridge arm of phase a is turned on, Swa = l;
when the lower bridge arm of phase a is turned on, Swa = 0. And at the same time, there is
only one bridge arm that is on at the top and bottom, and so on. There were 32 vectors in
the five-phase inverter, including 10 large vectors, 10 medium vectors, 10 small vectors,
and 2 zero vectors, as shown in Table 1. The amplitude of the large vectors, the medium
vectors, and the small vectors is expressed as follows:

Uk = Uaz +Ubz +Ucz +Udz +Uez =
2
5
(Uaz +Ubzej 2π

5 +Uczej 4π
5 +Udzej 6π

5 +Uezej 8π
5 ) (1)


|UL| = 4

5 VD
(
1 + 2 cos 2π

5
)

|UM| = 4
5 VD

|US| = 4
5 VD

(
2 cos 2π

5
) (2)

Table 1. Space voltage vector amplitude.

Voltage Vector Amplitude

Large Vector U3, U6, U7, U12, U14, U17, U19, U24, U25, U28 |UL| = 4
5 VD

(
1 + 2 cos 2π

5

)
Medium Vector U1, U2, U4, U8, U15, U16, U23, U27, U29, U30 |UM| = 4

5 VD
Small Vector U5, U9, U10, U11, U13, U18, U20, U21, U22, U26 |US| = 4

5 VD

(
2 cos 2π

5

)
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Figure 3. Space voltage vector and synthesis vector diagram. (a) Voltage vector distribution diagram.
(b) Vector synthesis schematic diagram.

Regarding the space vector modulation strategies for five-phase inverters, the lit-
erature [25] has explored the characteristics of different five-phase SVPWM algorithms
when different combinations of fundamental space voltage vectors are selected and has
derived the time equations for the action of each fundamental voltage vector. Among them,
there are three main modulation strategies, i.e., the nearest two-vector SVPWM algorithm,
maximum four-vector SVPWM algorithm, and nearest four-vector SVPWM algorithm.
Since the maximum two-vector SVPWM algorithm obtained a phase voltage waveform
with severe distortion and high low-harmonic content, the maximum four-vector SVPWM
algorithm increased the switching losses and affected the voltage quality. In contrast, the
nearest four-vector SVPWM algorithm effectively reduced the switching loss and low-level
harmonic content and had good practical application results [25]. In the following, the
specific principles of the recent four-vector SVPWM algorithm will be presented.

Assuming that Uref is located in sector k, the large vectors ULk and ULk+1 on both sides
of sector k, the medium vectors UMk and UMk+1, and the two zero vectors U0 and U31 at the
origin can be used for vector synthesis, as shown in Figure 4.
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Now, the magnitude of the target voltage vector is defined as Uref, and the duration
of the Uref action is still a switching cycle Ts of the inverter. Within a Ts, the duration of
the large vectors ULk and ULk+1, the medium vectors UMk and UMk+1 are TLk, TLk+1, TMk,
and TMk+1, respectively. The remaining time T0 = Ts − TMk − TMk+1 − TLk − TLk+1 is
supplemented by the zero vectors U0 and U31.

Equation (3) can be obtained according to the volt–second principle.

Ure f Ts = UMkTMk + UMk+1TMk+1 + ULkTLk + ULk+1TLk+1 (3)

Equation (3) can be obtained by αβ decomposition of Equation (4) as follows:

∣∣∣Ure f

∣∣∣ cos(ωt)Ts = |UMk|TMk cos (k−1)π
5 + |ULk|TLk cos (k−1)π

5

+|UMk+1|TMk+1 cos kπ
5 + |ULk+1|TLk+1 cos kπ

5∣∣∣Ure f

∣∣∣ sin(ωt)Ts = |UMk|TMk sin (k−1)π
5 + |ULk|TLk sin (k−1)π

5

+|UMk+1|TMk+1 sin kπ
5 + |ULk+1|TLk+1 sin kπ

5

(4)

From Equation (4), it can be seen that the number of equations is less than the number
of unknowns. According to linear algebra theory, there is no unique solution to the equation,
so we added a constraint condition. Let the duration TLk, TLk+1 of large vectors be x times
as long as the duration TMk, TMk+1 of the medium vectors, which can be substituted into a
specific basic solution system.

x =
TLk
TMk

=
TLk+1
TMk+1

(5)

At the same time, to simplify the equation of the duration of each vector obtained by
the solution, the amplitude ratio of the large vector to the medium vector is abbreviated as
a = |UL |

|UM | = 2 cos 2π
5 + 1. The duration of each vector is expressed as follows:



TMk=

∣∣∣Ure f

∣∣∣Ts

|UM|(1 + ax) sin π
5

sin(
kπ

5
− ωt)

TMk+1=

∣∣∣Ure f

∣∣∣Ts

|UM|(1 + ax) sin π
5

sin(ωt − (k − 1)π
5

)

TLk= xTMk

TLk+1= xTMk+1

(6)

In the linear modulation region, the VTR of the NFV-SVPWM strategy can reach 0.812.

3.2. Harmonic Characteristic

According to the principle of vector synthesis, the average output voltage in a funda-
mental period with the NFV-SVPWM is calculated as follows:
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uANFV =

∣∣∣Ure f

∣∣∣VD

|UM| sin π
5
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(

π
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cos
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π
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5
2(1−x)
(1+ax) cos

(
π
10
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2
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19π
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)
9π
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(7)

where x is the ratio of the large vector to the center vector in the same direction, and its
expression is shown in Equation (5).

The nth harmonic amplitude an can be obtained by performing Fourier decomposition
to the output voltage of the A-phase, which can be obtained as follows:

an = f1(n)g1(n, x) + f2(n)g2(n, x) (8)

and  f1(n) = 1
π(n−1) cos(nπ) sin nπ

2 sin (n−1)π
10

f2(n) = 1
π(n+1) cos(nx) sin nπ

2 sin (n+1)π
10{

g1(n, x) = 1
1+ax (−8 cos (2n+1)π

10 + 4(1 − x) cos π
10 −16(1 + x) sin π

10 sin 3nπ
10 cos nπ

10
)

g2(n, x) = 1
1+ax (8 cos (2n−1)π

10 − 4(1 − x) cos π
10 −16(1 + x) sin π

10 sin 3nπ
10 cos nπ

10
)

The calculation results showed that the value of x does not affect the fundamental
amplitude a0 ≈ 0.470, and the nth harmonic amplitude is mainly determined by x. Define
the total harmonic distortion THD as follows:

THD =

√√√√ ∞

∑
n=3

(
an

a1

)2
× 100% (9)

Considering that the harmonic content is very low after 40 times, the curve of the THD
varying with x was drawn by numerical simulation, as shown in Figure 5. It can be seen
that with the increase of x, the THD decreases first and then increases. When x = 1.618, the
third harmonic is eliminated, and the harmonic content is the lowest. After that, with the
increasing of x, the THD of the output voltage increases continuously, which indicates that
the long duration of the large vectors will increase the output voltage harmonics.

Electronics 2024, 13, x FOR PEER REVIEW 7 of 21 
 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1

2

2 11 3, 8cos 4 1 cos 16 1 sin sin cos
1 10 10 10 10 10

2 11 3, 8cos 4 1 cos 16 1 sin sin cos
1 10 10 10 10 10

n n ng n x x x
ax

n n ng n x x x
ax

π π π π π

π π π π π

 + = − + − − +  +  


−  = − − − +  + 

 

The calculation results showed that the value of x does not affect the fundamental 
amplitude a0 ≈0.470, and the nth harmonic amplitude is mainly determined by x. Define 
the total harmonic distortion THD as follows: 

2

13
100%n

n

a
THD

a

∞

=

 
= × 

 
  (9)

Considering that the harmonic content is very low after 40 times, the curve of the 
THD varying with x was drawn by numerical simulation, as shown in Figure 5. It can be 
seen that with the increase of x, the THD decreases first and then increases. When x = 
1.618, the third harmonic is eliminated, and the harmonic content is the lowest. After that, 
with the increasing of x, the THD of the output voltage increases continuously, which 
indicates that the long duration of the large vectors will increase the output voltage har-
monics. 

 
Figure 5. THD of NFV-SVPWM varies with x. 

The main difference between the NTV-SVPWM and NFV-SVPWM is that the me-
dium vector duration of the NTV-SVPWM is 0, and the reference voltage vector of the 
NTV-SVPWM is synthesized by the near-two large vectors, which shows that the ratio x 
of the duration of the large vector to the medium vector equals infinity, and the corre-
sponding harmonic content improves significantly. Therefore, the operating principle and 
harmonic characteristics of them are not described in detail. 

4. Space Voltage Vector Over-Modulation Based on Vector Weighting 
4.1. Hexagon Vector 

In the conventional SVPWM method, if the reference voltage vector magnitude ex-
ceeds the range of the linear modulation region, i.e., the reference voltage vector magni-
tude exceeds the boundary of the positive polygon enclosed by the fundamental voltage 
vector, then the conventional SVPWM method cannot be used. And the part beyond the 
linear modulation region is also known as the nonlinear modulation region, i.e., the over-
modulation region. 

The VTR of the traditional three-phase space voltage vector modulation strategy is 
0.866 in the linear region. To improve the VTR, the linear modulation region usually is 
extended to 0.909. As shown in Figure 6, the inscribed circle Ri corresponds to the VTR of 
0.866, and the hexagon Rhex corresponds to the VTR of 0.909. When the VTR is between 
0.866 and 0.909, the reference voltage vector is pulled back to the hexagon vector after 
exceeding the hexagon region. Therefore, it is necessary to calculate the holding angle ah 
between the hexagon vector and the reference voltage, and the relationship between the 

Figure 5. THD of NFV-SVPWM varies with x.



Electronics 2024, 13, 1907 7 of 21

The main difference between the NTV-SVPWM and NFV-SVPWM is that the medium
vector duration of the NTV-SVPWM is 0, and the reference voltage vector of the NTV-
SVPWM is synthesized by the near-two large vectors, which shows that the ratio x of the
duration of the large vector to the medium vector equals infinity, and the corresponding
harmonic content improves significantly. Therefore, the operating principle and harmonic
characteristics of them are not described in detail.

4. Space Voltage Vector Over-Modulation Based on Vector Weighting
4.1. Hexagon Vector

In the conventional SVPWM method, if the reference voltage vector magnitude ex-
ceeds the range of the linear modulation region, i.e., the reference voltage vector magnitude
exceeds the boundary of the positive polygon enclosed by the fundamental voltage vector,
then the conventional SVPWM method cannot be used. And the part beyond the linear
modulation region is also known as the nonlinear modulation region, i.e., the overmodula-
tion region.

The VTR of the traditional three-phase space voltage vector modulation strategy is
0.866 in the linear region. To improve the VTR, the linear modulation region usually is
extended to 0.909. As shown in Figure 6, the inscribed circle Ri corresponds to the VTR of
0.866, and the hexagon Rhex corresponds to the VTR of 0.909. When the VTR is between
0.866 and 0.909, the reference voltage vector is pulled back to the hexagon vector after
exceeding the hexagon region. Therefore, it is necessary to calculate the holding angle ah
between the hexagon vector and the reference voltage, and the relationship between the
output voltage fundamental amplitude in different modulation ratios and holding angle
ah can be obtained. In [24], the output voltage modulation ratio increased with a smaller
holding angle. When ah = 0, the corresponding modulation ratio is 0.909.
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Figure 6. Three-phase inverter space voltage vector modulation.

The rotating track (blue line) and the fundamental voltage amplitude when the ref-
erence voltage vector of the five-phase inverter rotates along the hexagon corresponding
to the large vector are shown in Figure 7a,b. According to the five-phase inverter space
voltage vector modulation characteristics, the holding angle ah between the hexagon vector
and the reference voltage vector varies from [0, π/10]. When ah = π/10, the reference vector
rotates along the inscribed circle of the hexagon, and the corresponding modulation ratio
can be calculated directly as cos(π/10) = 0.9512; when ah = 0, the reference vector rotates
along the hexagon.
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Since the reference voltage vector had period and half-wave symmetry, the output
voltage fundamental amplitude of the hexagon vector can be obtained by the FFT decom-
position of the A-phase voltage signal, which is shown in Figure 7b. Assuming that the
holding angle is ah, the voltage fundamental amplitude is as follows in Equation (10):

Ua = 4UL
π ( f1 + f2 + f3 + f4 + f5 + f6)

= 4UL
π

(∫ ah
0

cos( π
10 )

cos( π
10−ah)

cos2(θ)dθ +
∫ π

5 −ah
ah

cos( π
10 )

cos( π
10−θ)

cos2(θ)dθ+
∫ π

5 +ah
π
5 −ah

cos( π
10 )

cos( π
10−ah)

cos2(θ)dθ

+
∫ 2π

5 −ah
π
5 +ah

cos( π
10 )

cos( 3π
10 −θ)

cos2(θ)dθ+
∫ 2π

5 +ah
2π
5 −ah

cos( π
10 )

cos( π
10−ah)

cos2(θ)dθ+
∫ π

2
2π
5 +ah

cos( π
10 )

cos( π
2 −θ)

cos2(θ)dθ
) (10)

where θ is the reference voltage vector phase angle. The relationship between the modula-
tion ratio (VTR) M and the holding angle ah can be obtained as shown Equation (11) from
Equation (10).

M = 4
π

(∫ ah
0

cos( π
10 )

cos( π
10−ah)

cos2(θ)dθ +
∫ π

5 −ah
ah

cos( π
10 )

cos( π
10−θ)

cos2(θ)dθ+
∫ π

5 +ah
π
5 −ah

cos( π
10 )

cos( π
10−ah)

cos2(θ)dθ

+
∫ 2π

5 −ah
π
5 +ah

cos( π
10 )

cos( 3π
10 −θ)

cos2(θ)dθ+
∫ 2π

5 +ah
2π
5 −ah

cos( π
10 )

cos( π
10−ah)

cos2(θ)dθ+
∫ π

2
2π
5 +ah

cos( π
10 )

cos( π
2 −θ)

cos2(θ)dθ
) (11)

When ah = 0, the reference voltage vector rotates along the hexagon. At this time, the
corresponding modulation ratio M is shown as Equation (12).

M =
4
π

(∫ π
5

0

cos( π
10 )

cos( π
10 − θ)

cos2(θ)dθ +
∫ 2π

5

π
5

cos( π
10 )

cos( 3π
10 − θ)

cos2(θ)dθ+
∫ π

2

2π
5

cos( π
10 )

cos(π
2 − θ)

cos2(θ)dθ

)
= 0.9661 (12)

When the reference voltage vector Uref rotates along the hexagon, the Uref is as follows:

Uref =
UL cos( π

10 )

cos( π
10 − θ + (k−1)π

5 )
ejθ (13)
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Assuming that Uref is located in sector I, since it has exceeded the maximum modula-
tion ratio of 0.812, and can be synthesized by only the two nearest large vectors UL1, and
UL2 can be used for synthesis as follows:

TsUref = TL1UL1 + TL2UL2 = TL1ULej0 + TL1ULej π
5 (14)

Thus, the duration TL1 and TL2 of the two near vectors UL1 and UL2 can be obtained
as follows: 

TL1 =
Ts|Uref| cos( π

10 )

UL sin π
5

sin( kπ
5 −θ)

cos( π
10−θ+ (k−1)π

5 )

TL2 =
Ts|Uref| cos( π

10 )

UL sin π
5

sin
(
(k−1)π

5 −θ
)

cos( π
10−θ+ (k−1)π

5 )

(15)

Other sectors can be calculated by referring to the above analysis.

4.2. Operating Principle

To increase the VTR while decreasing the effect on the output voltage harmonics as
much as possible, a five-phase space voltage vector modulation strategy based on four-
vector Us4 and hexagon vector Uhex weighting is proposed. The reference voltage vector
Uref is synthesized by comprehensively using four-vector Us4 and hexagon vector Uhex,
where the four-vector Us4 and the hexagon vector Uhex are obtained as follows: Us4 = UL ∗ 0.812 sin(ωt) = 2Udc

5
[
1 + 2 cos

( 2π
5
)]

∗ 0.812 sin(ωt)

Uhex =
UL cos( π

10 )
cos
(

π
10−θ+ (k−1)π

5

) sin(ωt) = 2Udc
5
[
1 + 2 cos

( 2π
5
)]

∗ cos( π
10 )

cos
(

π
10−θ+ (k−1)π

5

) sin(ωt) (16)

Uref is synthesized by Us4 and Uhex and is shown as follows:

Uref = sUs4 + bUhex (17)

where s and b are the weighting factors of the four-vector Us4 and the decagon-vector
Uhex, respectively. It can be seen from Equations (6), (12), and (17) that to decrease the
output voltage error as much as possible and ensure that the output voltage fundamental
amplitude outputs according to the modulation ratio M, the following equation applies:

M = 0.812s + 0.9661b
0 ≤ s ≤ 1
0 ≤ b ≤ 1
b + s ≤ 1

(18)

According to Section 3, to decrease the output voltage harmonic content as much as
possible, the weighting factor of the four-vector Us4 is as large as possible. Therefore, the
weighting factors a and b of the four-vector Us4 and hexagon vector Uhex can be obtained
as follows: {

s = 0.9661−M
0.9661−0.812

b = 1 − s
(19)

From Equations (18) and (19), it can be seen that when M = 0.812, s = 1 and the reference
voltage vector rotates between the large vector and the middle vector with NFV-SVPWM.
When M = 0.9661, s = 0 and the reference voltage vector synthesized by the next nearest
large vectors rotate along the hexagon. Assuming that the reference voltage is located in
sector I, the space voltage four-vector Us4 and the hexagon vector Uhex are synthesized by
their corresponding vectors, respectively, which are shown as follows:{

UhexTs = ULkTLk + ULk+1TLk+1
Us4Ts = UMkTMk + UMk+1TMk+1 + ULkTLk + ULk+1TLk+1

(20)
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The duration of Us4 and Uhex with the corresponding vector is shown as Equation (21)
and Equation (22), respectively.

TMk=
s
∣∣∣Ure f

∣∣∣Ts

UM sin π
5

sin
(

kπ

5
− θ

)

TMk+1=
s
∣∣∣Ure f

∣∣∣Ts

UM sin π
5

sin
(

θ − (k − 1)π
5

)
TLk= 1.618TMk

TLk+1= 1.618TMk+1

(21)


TLk =

(1−s)Ts|Uref| cos( π
10 )

UL sin π
5

∗ sin( kπ
5 −θ)

cos( π
10−θ+ (k−1)π

5 )

TLk+1 =
(1−s)Ts|Uref| cos( π

10 )

UL sin π
5

∗
sin
(
(k−1)π

5 −θ
)

cos( π
10−θ+ (k−1)π

5 )

(22)

In conclusion, the space voltage vector modulation ratio of the five-phase inverter can
be increased from 0.812 to 0.9661 by using the proposed over-modulation strategy, and the
VTR increases by 18.9%.

4.3. Harmonic Characteristic

According to Section 3.2, the output voltage harmonics increase with an increase in the
ratio of the large vector to the medium vector duration with the traditional NFV-SVPWM.
From Equation (19), it can be seen that the reference voltage vector Uref with the proposed
over-modulation strategy is synthesized by adjusting the weighting factor of Us4 and Uhex.
And as M increases, the weight of the hexagon vector increases continuously, in other
words, the duration of the large vectors increases. Therefore, the harmonic characteristic
of the output voltage vector increases varying with M increasing. The proposed over-
modulation method improves the modulation ratio by sacrificing the quality of the output
voltage waveform. To simplify the analysis of harmonic characteristics, the proposed
over-modulation method is directly equal to the symmetrical increase in the duration of
the large vector in the reference voltage vector. From Equations (8) and (19), the ratio y of
the duration of the large vector to the medium vector in the proposed over-modulation
strategy can be calculated as follows:

y =
1 − s + sx

s
(23)

Referring to the harmonic characteristic analysis method of the traditional NFV-
SVPWM, the output voltage THD under different s and x is calculated by numerical
simulations, as shown in Figure 8. It can be seen that when s is constant, the THD is the
smallest, near 1.618 (which is the ratio of the duration of the large vector to the middle
vector and is the ratio of the amplitude of the large vector to the middle vector). However,
due to the increasing weight of the hexagon vector Uhex in the reference voltage vector
Uref, the ratio of the duration of the large vector to the medium vector is bigger than 1.618,
and the harmonic contents of the output voltage increase with x increasing, which means
the output voltage waveform will continue to deteriorate. Therefore, the proposed over-
modulation strategy improves the fundamental amplitude of the output voltage at the cost
of deteriorating the output voltage.
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5. Simulation Research and Experimental Verification
5.1. Simulation Results

In the experimental part, based on the existing experimental platform of the five-
phase inverter, the simulation experiment in this part was built in Matlab software for the
model of the five-phase inverter, in which the specific parameter design was also selected
from the actual parameters in the actual physical platform, in which, in order to make
the switching loss smaller in the actual experimental process, in the reasonable range of
switching frequencies (2–20 kHz), 5 kHz was chosen as the switching frequency for this
experiment. A five-phase inverter with an R-L load simulation model was built based on
Matlab/Simulink software. The simulation parameters were set as shown in Table 2.

Table 2. Simulation parameters.

Parameter Value

DC Voltage/DC Capacitance 750 V/4700 uF
Output Voltage/Frequency 380 V/50 Hz

R-L Load R = 20 Ω, L = 5 mH
Switching Frequency fs 5 kHz

Figure 9a,b show the fundamental amplitude of the output voltage UA and the har-
monic content of the output phase current iA with M changing under the traditional
NFV-SVPWM, NTV-SVPWM, and proposed over-modulation strategies.

From Figure 9a, it can be seen that the output phase voltage increased with M increas-
ing under the traditional NFV-SVPWM, NTV-SVPWM, and proposed over-modulation
strategies. Both the proposed modulation strategy and NTV-SVPWM could track the
desired output voltage accurately. However, when M was higher than 0.9512, the output
voltage under NTV-SVPWM did not change much with M increasing. In other words, the
maximum VTR under the NTV-SVPWM strategy had been reached. The output voltage
under the NFV-SVPWM strategy was unchanged with M increasing in the whole modu-
lation region. The main reason was that when M was 0.812, the duration of the synthesis
vectors ULk, ULk+1, UMk, and UMk+1 reached the maximum effective value, which meant
the zero vector duration was 0. Even if M increased, the synthesis vector duration was
unchanged, so the output phase voltage did not change with M increasing under the
NFV-SVPWM strategy.

From Figure 9b, it can be seen that the output phase current harmonics almost did not
change with M increasing under the NFV-SVPWM strategy. Although the output voltage
increased with M increasing under the NTV-SVPWM strategy, the harmonic content did
not change much. The main reason was that the duration of the synthetic vectors increased
proportionally, so the waveform of the synthesized reference voltage vector did not change.
The rotating track of the synthetic vectors was similar, varying with M. The main difference
was that the rotating track was proportionally expanded outward with a different M. The
proposed over-modulation strategy changed the duration of the large vectors and the



Electronics 2024, 13, 1907 12 of 21

medium vectors, and the harmonic content increased with the increase in the ratio of the
duration of the large vectors to the medium vectors. The simulation results were consistent
with the theoretical analysis, indicating that the proposed over-modulation method can
effectively improve the fundamental amplitude of the output voltage, but it will increase
the output current harmonics.
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Figure 9. The simulation results of the output phase voltage fundamental amplitude and the phase
current harmonic contents varying with M under three modulation strategies. (a) The amplitude of
output phase voltage. (b) The THD of the output phase current.

Figures 10–12 show the output phase voltage, phase current, and FFT spectrum
with M = 0.83, 0.89, and 0.95 under the three modulation strategies of the traditional
NFV-SVPWM, NTV-SVPWM, and proposed over-modulation strategies, respectively. From
Figures 10–12, compared with the traditional NFV-SVPWM, it can be seen that the proposed
over-modulation method had a higher output voltage fundamental amplitude, but the
output current harmonic content was higher; compared with the NFV-SVPWM method, the
output current of the proposed over-modulation method had a better sine degree and could
obtain lower output current harmonics. It can be seen that the proposed over-modulation
method can effectively improve the output voltage fundamental amplitude and had better
output performance.

From the above, it can be seen that in the case of the different modulation ratios M,
different situations occurred, but as the modulation ratio increased, the fundamental am-
plitude of the output phase voltage increased, and the improved strategy produced better
results than the traditional two strategies. And from the above, this can be obtained from
the comparison of the harmonic content of the phase currents under different modulation
ratios, as shown in the Table 3 below, and the final results presented are also in agreement
with Figure 9.



Electronics 2024, 13, 1907 13 of 21

Table 3. Comparison of phase voltage harmonic content with different modulation ratios (M).

Modulation Ratio
(M)

NFV-SVPWM
Method Proposed Method NTV-SVPWM

Method

0.83 6.51% 7.33% 28.89%
0.89 6.51% 16.58% 28.88%
0.95 6.51% 26.49% 28.87%
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5.2. Experimental Verification

In order to verify the accuracy of the theoretical analysis and the feasibility of the
proposed strategy, we set up a semi-physical and physical experimental platform composed
of DSP and FPGA, as shown in Figure 13. The experimental results were basically consistent
with the simulation parameters, and the experimental parameters were consistent with the
simulation parameters.

Figures 14–16 show the output current and THD with M = 0.83, 0.89, and 0.95 under
the traditional NFV-SVPWM, NTV-SVPWM, and proposed over-modulation strategies,
respectively. Compared with Figures 14c–16c, it can be seen that both the output current
and its THD with the proposed modulation strategy increased with M increasing. Com-
pared with Figures 13a–15a, it can be seen that with M increasing, the output current
characteristics of the traditional NFV-SVPWM remained unchanged, which indicated that
when M was higher than 0.812, the output voltage of the traditional NFV-SVPWM did not
change. Compared with the NFV-SVPWM, the proposed over-modulation strategy can
effectively improve the VTR but will increase the output harmonics. Compared with the
NTV-SVPWM, the proposed over-modulation strategy can effectively improve the VTR,
and the harmonic content is lower. The experimental results were consistent with the
theoretical analysis and simulation results, which verified that the theoretical analysis was
correct, and the proposed over-modulation strategy is feasible.
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6. Conclusions

Aiming at the problems of a low VTR of the traditional NFV-SVPWM and high-output
harmonic content of the traditional NTV-SVPWM, an over-modulation strategy based
on multi-vector weight is proposed by analyzing the operation principle and harmonic
characteristics of the traditional NFV-SVPWM. That is to say, the reference voltage vector
was synthesized by adjusting the weight of the hexagon vector and the nearest four-vector.
The simulation results showed that the modulation method could effectively improve the
output voltage base amplitude, and the method to improve the carrying capacity of the
five-phase frequency-conversion speed-regulation system had certain significance, but the
disadvantage was that the output current harmonic will increase with an increase in the
modulation ratio. We finally also verified that the modulation method was correct and
feasible. Through the experimental verification of the method proposed in this paper, it is
not difficult to see that the over-modulation method can indeed effectively improve the
fundamental amplitude of the voltage. However, in the process of the experiment, the
voltage ripple increased, and because the current harmonic content increased, the situation
was not able to be effectively improved. In subsequent research, the relevant scholars can
solve this problem by changing some of the structure of the circuit, such as increasing the
value of the inductance and other methods.
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