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Abstract: Considering that the defects of traditional nearest-two-vector SVPWM (NTV-SVPWM)
have a low voltage transfer ratio (VTR) and those of nearest—four-vector SVPWM (NFV-SVPWM)
have a high output current harmonic, two improved space-voltage pulse-width-modulation (SVPWM)
strategies are proposed in this paper, based on analyzing the harmonic characteristics of traditional
NTV-SVPWM and NFV-SVPWM. The first strategy is to synthesize the referenced voltage vector
according to the different weight factors by NTV-SVPWM and NFV-SVPWM. The second strategy is
to synthesize the referenced voltage vector according to the different weight factors of NFV-SVPWM
and the large vector. Compared to NTV-SVPWM, the simulation results show that the two proposed
SVPWM strategies have lower output voltage errors and THDs. Compared to NFV-SVPWM, the
simulation results show that the two proposed SVPWM strategies have higher VTRs and THDs.
Compared to the two proposed SVPWM strategies, proposed SVPWM strategy one has a lower
output voltage error and THD. The experimental results verify that the proposed modulation strategy
is correct and feasible.

Keywords: NFV-SVPWM; NTV-SVPWM; voltage transfer ratio (VIR); improved SVPWM
strategies; THD

1. Introduction

The multiphase motor drive system has a lower torque ripple and fault tolerance per-
formance, which is more suitable for occasions with high accuracy and reliability [1-5]. And
its low—voltage and high-power characteristics can avoid voltage and current sharing
problems caused by series and parallel power devices in three—phase power circuits [6,7].
Higher phase numbers enable it to have more control degrees of freedom. The fundamen-
tal and harmonic components can be decoupled through a space vector converter. The
harmonic component can be controlled through the harmonic sub—plane, which can further
improve the control characteristics of multiphase motors [8-11]. In multiphase voltage
source inverter drive systems, the traditional NFV-SVPWM strategy has a lower output
voltage THD, but its maximum VTR in the linear region is 0.812. The maximum VTR in the
linear region based on the NTV-SVPWM strategy is 0.9512, but its output voltage THD is
high. Therefore, the NFV-SVPWM strategy is widely used in the five-phase inverters.

In order to improve the load capacity and operational performance of the five-phase
variable-frequency speed regulation system, many experts and scholars have conducted re-
search on its modulation strategy, fault tolerant control, etc. [12-24]. The literature proposes
a nearby space—vector fault-tolerant combination strategy for driver open—circuit faults,
which achieves smooth operation of the motor [12]. In order to improve the utilization ratio
of DC bus voltage, an improved NFV-SVPWM is proposed in [13]. According to different
coefficients, the entire modulation range is divided into sinusoidal and non-sinusoidal
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modulation regions, which improves the voltage transmission ratio. A non-sinusoidal ran-
dom SVPWM algorithm based on random switching delay and random vector assignment
is proposed in [14], which can achieve the goal of harmonic dispersion by reducing the
amplitude of higher harmonics without affecting the fundamental and third—harmonic
outputs. A continuous SVPWM strategy for a class of five-phase inverters is proposed by
rationally using zero vectors in [15], its switching times are 1/5 less than that of continuous
space vector modulation, and the output voltage harmonic performance is better than that
of the minimum-switching-loss SVPWM strategy. An NFV-SVPWM strategy that can
suppress third harmonics is proposed in [16-18]. Three—phase—inverter over-modulation
strategies are applied to multiphase inverters in [19-22]. A three—phase-inverter carrier
over-modulation strategy is applied to the five-phase inverter over—-modulation strategy,
which increases the VIR of the five-phase inverter by 17% in the linear region [22-24]. In
conclusion, to improve the VIR of the five-phase inverters, traditional three—phase inverter
over-modulation strategies are mostly used in five—phase inverters. However, few studies
directly and simultaneously investigate the SVPWM strategy of five—phase inverters to
improve its VIR and optimize its harmonic characteristics.

In this paper, two improved SVPWM strategies applied to the five—phase inverter
are proposed. Firstly, the basic structure of the five-phase inverter and the principle of
the NTV-SVPWM and NFV-SVPWM strategies are introduced. Secondly, the harmonic
characteristics of the output voltage with the NTV-SVPWM and NFV-SVPWM are an-
alyzed. Thirdly, two improved SVPWM strategies based on different vector weighting
designs are proposed and their harmonic characteristics are analyzed. Then, simulation
and experiments are carried out on semi- and real platforms. Whereas the first two parts
are the basis of this paper and are research that is currently more mature at present, this
part proposes an improved strategy based on over-modulation, that is, a vector-weighted
improvement. This paper is summarized in the final section.

2. Topological Structure and Space Voltage Vector Operating Principle of Five-Phase Inverter

2.1. Main Circuit Topology and Basic Modulation Modulation Strategy

Figure 1 shows the main circuit topology of a five-phase inverter system, consisting of
a DC power supply, a five-phase inverter, and a five—phase R-L load.
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Figure 1. Main circuit of five-phase inverter system.

Among them, this paper focuses on the further study of the space vector modulation
strategy for five-phase inverters. Space-Vector Pulse-Width-Modulation (SVPWM) is
a modulation technique commonly used in power electronics for controlling AC motor
drives, inverters, and other systems. It is an improvement on the conventional PWM
technique, providing higher power conversion efficiency and lower harmonic distortion.
In SVPWM, a voltage or current signal is converted into a space vector, and then the output
waveform is controlled by adjusting the amplitude and phase of the space vector. By
choosing the combination of space vectors appropriately, precise control of the output
waveform can be achieved, allowing the system to control total harmonic distortion (THD)
within reasonable limits and to utilize the power capability of the power converter more
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efficiently. SVPWM is typically used to control a three—phase inverter, which is used to
convert direct-current (DC) power to alternating—current (AC) power to drive an AC
motor or to connect DC power to an AC power grid. By precisely regulating the pulse
width and phase of the inverter output, SVPWM enables efficient power conversion and
can provide stable output voltages and currents under different operating conditions. In
conclusion, SVPWM technology has important applications in the field of power electronics
in improving system performance and efficiency, and it is widely used in AC motor drives,
power converters, and other power electronic devices.

2.2. Operating Principle of Five—Phase SVPWM

Let the switching function of the five-phase inverter be S = [S;, S, S, S4, Sel; then,
the upper switch of the bridge arm of phase a of the inverter is on, and the lower switch is
off; if S, = 0, it is the opposite, and the other switching functions are similar. The output
voltage of each phase of the inverter can be expressed as U, = S,Up; Uy = SpUp; Ue = ScUp;
Uy = S;Up; and U, = S.Up, respectively. Therefore, the voltage space vector of the five—-
phase synchronous motor can be defined as

U, = %uD(sa + Spel”? 4 5.4 4 5,e/2167 1 G, 012887 1)

According to the above definition, a total of 32 voltage vectors can be calculated,

and their spatial distribution is shown in Figure 2a. These vectors are divided into

4 groups, of which 10 are large, medium, and small vectors, forming three positive 10-sided

shapes with different side lengths, and there are also two zero—vectors. The five-bit binary

corresponding to each voltage vector in the figure is the switching function of that vector,

indicating the operating state of the inverter at this time; the subscript of the voltage vector
indicates the decimal number corresponding to the binary number.

Uiax01100 U

01110 Un
11000

Us Uis U2 Usi Us Uie Uas

01001 10000 11001

00111

00011 10011

(a) Schematic diagram of voltage vector distribution

(b) Schematic diagram of vector synthesis

Figure 2. Schematic diagram of space voltage vector and composite vector.
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Further study of the switching states corresponding to each vector reveals that the
three effective vectors of large, medium, and small amplitudes correspond to the three
operating states of the five-phase inverter, i.e., the 2/3 operation mode, the 1/4 operation
mode, and the pseudo—2/3 operation mode, respectively. The so—called 2/3 mode of
operation means that at a certain instant, the upper bridge arm of the inverter has two
phases on and the lower bridge arm has three phases on or vice versa, and the phases that
the upper bridge arm (or the lower bridge arm) is on are adjacent to each other, which
results in the largest synthesized voltage vector and corresponds to a motor with a larger
stator flux. The 1/4 mode of operation is similar to the 2/3 mode of operation, except that
the resulting voltage vector is smaller. The difference between the pseudo-2/3 mode and
the 2/3 mode is that the three phases of the upper or lower bridge arms that conduct at the
same time are not all adjacent to each other, and there is a non—conducting phase inserted
in the middle, which will result in an inconsistent direction of voltage vectors or stator
fluxes that cancel each other out, and therefore should be avoided [15].

Figure 2 shows a vector block diagram of a five—phase inverter. The five-phase inverter
has a total of 32 vectors, including 10 large vectors, 10 medium vectors, 10 small vectors,
and 2 zero vectors, as shown in Table 1. The amplitudes of large, medium, and small
vectors are as follows:

|Up| = $Vp(1+2cos &)
[Um| = £Vp 2)
|Us| = $Vp(2cos )

Table 1. Amplitude of space voltage vector.

Voltage Vector Amplitude

Large vector Us, Ug, Uz, Unz, Una, Uny, Ug, Uns, Uns, Ups U] = 2V (1 + 2 cos %”)

Medium vector Uy, Uy, Uy, Us, Uss, Uis, Uzs, Uaz, Ung, Usp [Upm| = 2Vp

Small vector Us, Uy, Uy, Uz, Uiz, Uss, Uao, Uz, Una, Uss |Us| = 2Vp (2 cos %’f)

2.2.1. Nearest-Two—Vector SVPWM (NTV-SVPWM)

The strategy is the same as the traditional three—phase—inverter space voltage vector
synthesis principle: first, determine the row sector k, and then synthesize the referenced
voltage vector U,,s with the two largest adjacent vectors. Assuming that the referenced
voltage vector Uy is located in sector k, only the large vectors U and Urk,1 on both
sides of sector k and the two zero—vectors Uy and Us; are used for vector synthesis, as
shown in Figure 3. Assuming that the duration of the action of U, is one switching cycle
Ts, within one T, the duration of the action of Uy x and U k.1 is Trx and Trk+1, respectively.
According to the volt-second balance principle, Equation (3) can be obtained.

Uy Ts = U Trx + Uk Trr 3)
ULK+1
Uref
-
00000
11111 ULk

Figure 3. Vector synthesis of NTV-SVPWM in sector k.
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The remaining time Ty = Ts — Trx — Trk+1 is supplemented by averaging the zero
vectors Uy and Uz, .
Equation (4) can be obtained by solving Equation (3) in a—f3 coordinates as follows.

|Ueg| cos(wt) Ty = [Upg| Tyx cos DT 4
|Up k41| Tok41cos 2 .
|Upeg| sin(wt) Ty = [Upg| Ty sin E07 +

Uy k41| Tpk41sin &2

Equation (5) can be obtained by solving Equation (4):

U,.rlTs .
Tk = —LJ;L% sm(%” — wt)
U, r|Ts . k—1)m
Tik41 = ‘ULT;L% sm<( 5) — wt)

(5)

The modulation ratio M is defined as the ratio of the amplitude of the referenced
voltage vector U, to the amplitude of the large vector Uy, which is equal to the VTR.

_ |Uref|

M =
Uy

(6)

In the linear modulation region, when Tr g + Ty k11 = T, that is, the zero—vector action
time is 0, the VIR of the NTV-SVPWM strategy can be calculated as 0.9512.

2.2.2. Nearest-Two—Vector SVPWM (NTV-SVPWM)

Assuming that U, is located in sector k, vector synthesis can be performed using the
large vectors U g and Uk corresponding to both sides of sector k, the middle vectors
Upk and Uy 1, and the two zero-vectors Uy and Uszg, as shown in Figure 4.

ULK+1

UMK +1

Uref
> .
00000

11111 UMK ULK

Figure 4. Vector synthesis of NFV-SVPWM in sector k.

The duration of the action of U,y is still one switching cycle T; of the inverter. Within
one T, the large vectors Urx and Urks1 and the middle vectors Upk and Upk4; are,
respectively, TLK/ TLK+1/ TMKr and TMK+1- The remaining time TO = TS - TMK - TMK+1 —
Trx — Trk+1 is supplemented by zero vectors Uy and Us;.

According to the volt-second balance principle, Equation (7) can be obtained as follows:

U, Ts = Upx Tivk + Upik1 Tm 1 + Urk Tox + Upgp1 Trrs (7)
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Equation (8) can be obtained by solving Equation (7) in a—f3 coordinates.
|Uyeg| cos(wt) Ts = [Upik| Tamk cos M+
k— 1
U k| Tok cos S 4 [ Ui 1| Taaie 41 cos K4 Uk | Tk cos B2 ®)
| Ut SIH(W)Ts = |Upik| Tk sin &7 +

k
Uk | Tk sin C7 4 (U \TMKH sin &2 4 [Upg 1| g sin 52

From Equation (8), it can be seen that there are fewer equations than unknowns.
According to linear algebra theory, there is no unique solution to the equation. Here, a
constraint condition is added to make the action times T; g and T; k.1 of the large vector
be x times the action times Tyx and Tyx;1 of the medium vector, which is expressed as
Equation (9) and can be substituted to solve a specific basic solution system.

_ Tk _ Tk
Tmx  Tmk+1

©)
At the same time, in order to simplify the expression of the action time of each vector
obtained by the solution, the amplitude ratio of the large vector to the medium vector

gl _
Um| —
shown in Equation (10).

is defined as a = 2 cos ZZ + 1. The action time of each vector can be obtained as

|uref|T krt
Tmk \UM\(lJrax)Ssm Sln( 5 — wt
|Uref|T (kil)ﬂ
Tvk+1 = \UM\(lJrax)ssm 7 sin (ZUt -5 ) (10)
Tk = xTpmk

Trk4+1 = xTmk+1

In the linear modulation region, the VIR of the NFV-SVPWM strategy can be calcu-
lated as 0.812.

3. Harmonic Characteristics of Output Voltage of Traditional Space Voltage
Vector Modulation

3.1. NTV-SVPWM

According to the volt-second balance principle, the referenced voltage vector is com-
posed of adjacent voltage vectors, and its phase voltage in a sector can be represented by a
duty cycle or action time, which is shown as follows:

Vb ([ To To Vp
uANTV = n<_+TL1+TL2+ e} TS

> > —(Tp1 + Tr2) (11)

In Equation (11), Trx and T} k.1 are the action times of the large vectors k and k + 1
(two vectors are adjacent), respectively. According to the space voltage vector synthesis
principle, T1; and Ty, can be calculated as follows:

_ U] Ts k

TLl = W&n(% — wt "
_ U T (=D (12)

T = [U;[sin £ S| —5— — wt

Substituting Equation (12) into Equation (13) yields
|Uref| U 7T T )

= T (am z S o t— 13
UAnTv U | sin £ sin 0 cos(w 10 (13)
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Using the same method for the remaining sectors, the expression of the A—phase
output voltage within a fundamental cycle can be obtained as Equation (14).

: 7T 7T 7T
Sln}:OCOS(wt*;Q[) 79<wt§ 2§7T
sin i cos (wt — 37) ki < wi < 2E

7T : 7T
cos i sin(% — wt

71T 3
—sin {5 cos(910 wt) s <wt <
7T 7T
—sinficos(F —wt) LT <wt<m

117 6711

Upyry = PnTvS — sin {f cos ( gt — wt T<wt< % (14)
— sin { cos 113—0”—wt %ﬂ<wt§%”
coslsin(wt—3—”) <ot < 82
10 2 5 — 5
s T 177 81 9
SlnﬁCOS ﬁ_wt ?<wt§?

s T 197t
sin {5 cos| 5~ — wt

97”<wt§27t

According to Equation (14), the waveform of the A—phase output voltage within a
fundamental cycle can be plotted, as shown in Figure 5.

A phase reference wave of NTV-SVPWM:«

03—
0.2F 1
0.1F 1

of J
011

Amplitude u/v

0.2f 1
0.3F 1

L 1 1 1 I 1 1 L 1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time t/s

Figure 5. A—phase referenced wave of NTV-SVPWM.

The harmonic characteristics of the NTV-SVPWM strategy can be obtained by Fourier
decomposition. The Fourier decomposition expression is shown as follows:

f(wt) = ?O i (ay, cos(nwt) + by, sin(nwt)) (15)

n=1

In Equation (15),

a = % Oan(wt) cos(nwt)dwt n=20,1,2------
by = }I Oznf(wt) sin(nwt)dwt n=1,2,3------

Since the A—phase reference wave is even-symmetric, its expression does not contain
the bn term, and ap = 0. The nth harmonic amplitude an is calculated as follows:

an = ji(n)ky(n) + ja(n)kz(n) (16)
In Equation (16),
j1(n) = 27r n 1y cos(n7) sin () sin (";3”
ja(n) = ST T n+1 cos(nn) sin (%t 2 ) sin (”J{S)n
k (n) = —16 sin 10 sin 2T cos 47 — 4 cos 176
ka(n) = —16sin 5 sin 2 cos X + 4 cos %
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From above, the corresponding ratio between the amplitude of each harmonic and the
amplitude of the fundamental wave can be calculated and plotted, as shown in Figure 6.
From Figure 6, it can be seen that the reference wave obtained using the NTV-SVPWM
strategy has poor quality and contains a large number of third and fifth harmonics.

Fundamental (50Hz) = 0.3804 , THD=31.99%

=100+ |
=
5
= 80 1
<
ho)
S 60+ |
[
[
© 40+ ]
>
2 I ]
0 1 I . 1 - —
0 5 10 15 20

Harmonic order
Figure 6. Harmonic characteristics with NTV-SVPWM.

3.2. NFV-SVPWM

Similarly, the referenced voltage expression with NFV-SVPWM can be calculated by
referring to the two—vector harmonic characteristic analysis as follows:

fﬁiﬁ? sin( {5 ) cos (wt — {5) O<wt<T
ﬁcos(% Sin(% B wt) T <wt<?E
+ g sin(ff) cos (3§ —wt) - ° 5
172 os(ff) sin(wt — 5) ¥ ocuwt<y
ﬁ cos(75) sin(4F — wt) e i
- (1-25”) sin({5) cos (7F — wt) 5 =5
|Uref| VD _%ﬁrx; sin(f) cos (15 — wt) T <wt<m
UAypy = [Up[sin E —%&zg sin(f5) cos(lll—” - wt) T<wt< (17)
(qux) cos({f) sin( wt — 113—0”) r e
e sin({5) COS(%” — wt) > =5
g cos(ff) sin (¥ — ) I < wt < 82
(143“) cos(f5) Sin(w B 1177071) 8T it < 9%
+ (1-2@) sin (j) COS(%” - wt) > =5
?ff;i? sin 1) COS(%” - wf) T <wt<2m

Defining x as the ratio of a large vector to a medium vector in the same direction,

x = T _ Tokrr (18)
Tk Taik+1
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The nth harmonic amplitude an of the A-phase output voltage can be obtained

as follows:
an = f1(n)g1(n,x) + fo(n)ga2(n, x) (19)
In Equation (19),

fi(n) = ﬁ cos(nrr) sin It sin (n]é)ﬂ

fa(n) = % cos(nrr) sin &% sin %
—8 cos W

g1(n,x) = ﬁ —16(1 + x) sin {j sin 311—0" cos 4%
+4(1 — x) cos {5
8 cos %

g1(n,x) = ﬁ —16(1 + x) sin {j sin 3{‘—0” cos 47
—4(1 — x) cos {5

The numerical calculation shows that the value of x does not affect the fundamental
wave amplitude ag ~ 0.470, and the nth harmonic amplitude is mainly determined by x.
Harmonic distortion rate THD is defined as follows:

) 2
THD = | Y. (Z”) x 100% (20)
n=3 1

Considering that the THD is very low after the 40th order, the curve of THD varying
with x is plotted through numerical simulation calculation, as shown in Figure 7. As can
be seen from Figure 7, as x increases, the THD decreases first and then increases. When
x = 1.618, which is the ratio of the amplitude of a large vector to a medium vector, the third
harmonic is eliminated and the harmonic content is lowest. After that, as x increases, the
output voltage THD continues to increase, indicating that the output voltage harmonics will
increase with the increase in the ratio of the large vector to the referenced voltage vector.

100

80
g 60 |
2
= 40

201

0 !
0 1 2 3 4 5

Figure 7. THD of NFV-SVPWM varies with x.

4. Two Improved SVPWM Strategies Based on Multi—Vector Weighting
4.1. SVPWM Strategy One
4.1.1. Working Principle

The voltage transfer ratio described in this paper is also the ratio of the output voltage
of the inverter to the input voltage, because the input voltage is usually certain, and the
output voltage is positively correlated with the modulation ratio m. Thus, the enhancement
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in the voltage transfer ratio described in this paper can also be interpreted as an improve-
ment in the modulation ratio, but in the process of modulation with the improvement in
the modulation ratio, it is inevitable that the harmonic content will increase, so in the later
experiments, we can see that indeed harmonics have increased. The harmonic content is
found to increase, but the fundamental amplitude of the output voltage is improved; in this
regard, the voltage transfer ratio is also improved to achieve the purpose of the experiment.

In order to improve the VIR and minimize the impact on output voltage harmonics,
an improved SVPWM strategy based on the coordinating optimization and design of two—
vectors and four—vectors is proposed, which combines four—vector Uss and two—vector
Us» to synthesize a referenced voltage vector U,.s. The amplitudes of four-vector Us4 and
two-vector U, are as follows:

Uy = Up0.812sin(wt)

— @ [142cos(2£)]0.812sin(wt)
U, = U0.951sin(wt)

= 2 [1 42 cos(2£)]0.951 sin(wt)

(21)

The referenced voltage vector U, is composed of four-vector Us4 and two-vector Us
and is calculated as follows:
Uper = sUsq + U, (22)

where s and b are the weight factors of four-vector Us4 and two—vector Us), respectively.
From Equations (6), (21), and (22), in order to minimize output voltage errors and ensure
that the fundamental amplitude of the output voltage is the desired output value according
to M, the following equation exists:

M = 0.812s + 0.9512b
0<s<1
0<bh<1
b+s<1

(23)

According to the analysis in Sections III.A and III.B, in order to reduce the harmonic
content of the output voltage as much as possible, the weight factor s of the four-vector
Usy should be as large as possible, and the weight factors s and b of the four—vector Usy
and the two-vector U, can be obtained as follows:

5 = 0.9512-0.812 (24)

0.9512-M
{ b=1-s

From Equations (22) and (24), when M = 0.812 and s = 1, it is NFV-SVPWM and the
referenced voltage vector rotates between the large vector and the medium vector. When
M =0.9512 and s = 0, it is NTV-SVPWM and the referenced voltage vector rotates along the
tangent circle of the large vector. Assuming that the referenced voltage vector is located in
sector 1, the space voltage four—vector Us4 and two—vector U}, are synthesized from their
corresponding vectors showing as follows, respectively.

{ UpTs = U Trx + Uk Trx41 (25)
Uss Ts = Upix Tivk + Upik1 Tk + Uk Trx + Upge1 Trks

The action time of Ugy and Ug» is calculated and obtained as follows.

_ ST (ke
TMK = W Sln(? — wt)
_ s|uref|Ts . (k*l)T[
Tyvk+1 = T sin £ sm <Wt - f) (26)

Tix = 1.618Tyx
Trk+1 = 1.618Tmk+1
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1—5)|Ujp|Ts . k
Tix = %sm(%I —wt
T UosllilT o (D @7)
LK+1 — [Up|sin 5 5

The use of four—vectors and two-vectors to synthesize the reference voltage ensures
that the space vector is always in the four—vector modulation mode, and to avoid the
simultaneous turn—on or turn—off state of the switch tubes. Therefore, the modulation
is a pseudo-over-modulation method, its modulation range is [0.812, 0.9512], and the
minimum four—vector action time is set to its lower limit value based on the power device’s
ON and OFF characteristics, to avoid the over-modulation strategy entering a separate
two—vector modulation.

4.1.2. Harmonic Characteristics

According to the above analysis, the referenced voltage vector is composed of four—
vectors and two—vectors according to a certain weight factor. According to the volt-second
balance principle, reducing the four-vector action time and increasing the two-vector action
time are equivalent to reducing the four-vector amplitude and increasing the two—vector
amplitude within a switching cycle. The harmonic characteristics of the output voltage can
be seen as adjusting the ratio of the large vector action time to the medium vector action
time. From Equations (18) and (23), the ratio y of the action time of the large vector to the
medium vector in the proposed modulation can be calculated as follows:

_ 1—s+sx

. (28)

Referring to the four—vector harmonic characteristic analysis method, the THD of the
output voltage under different s and x values is calculated through numerical simulation,
as shown in Figure 8. As can be seen from Figure 8, when x is fixed, the THD decreases first
and then increases with s, and it is basically concentrated in the ratio of the large vector to
medium vector reaching the minimum value around 1.618. When s is fixed, the THD also
decreases first and then increases, and the minimum value is also basically concentrated
in the ratio of the large vector to medium vector near 1.618. The reason is that the third
harmonic is the main harmonic, and when the third harmonic is suppressed, the THD
of the output voltage is significantly reduced. According to Equation (22), in order to
improve the VTR, appropriately increasing the ratio of the action time of the large vector
to the medium vector can increase the fundamental amplitude of the output voltage, but
increasing the action time of the large vector and the medium vector will inevitably increase
the THD of the output voltage. Therefore, the proposed modulation strategy improves the
fundamental amplitude of the output voltage at the cost of worsening the output voltage.

40 -
30 —
X
0 20
T
'_
10 —
0 -
1.2
0.5 02 18 16 1.4
S X

Figure 8. Output voltage THD varying with s and x.
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4.2. SVPWM Strategy Two
4.2.1. Working Principle

According to the analysis in Section IV.A, the use of a modulation strategy weighted
by NFV-SVPWM and NTV-SVPWM has a relatively large computational complexity. To
reduce the computational complexity, NFV-SVPWM and a single large vector are used to
synthesize a referenced voltage vector; the referenced voltage vector U, is composed of
four-vector Us4 and a large vector Uy x(Urk+1)- The specific calculation is as follows:

sUgy + (1 — S)ULK,9 S [O, %)
= 29
ref {SUs4 + (1 —s)Urky1,0 € [§5, %) @)
s is redefined as shown in Equation (30):
098 — M (30)

® = 0.98—0.812

Assuming that the referenced voltage vector Ll,ef is located in sector 1, the space voltage
four-vector Us4 and the large vector U x(Upk+1) are synthesized from their corresponding
vectors, respectively.

UpTs = Uk T" 1k -
U Ts = Upk Tmk + Unik1 Tmk1+,0 € {0, TO) (31)
UpT g+ U1 T i
Upg1Ts = Urg1T 1k —
Uss Ts = Upk Tk + Upik 1 Tvr 1+, 0 € [E/ g) (32)
UrkT' tx + Urg 1T k41

And then the action time of U,4 and the large vector Upx(Urk+1) are calculated and
obtained as follows:

Uo|Ts -
Tk = m sm(%” — wt
_ s|Upef] Ts (k=) T
Tpmr+1 = 7|UM|resin% sm(wt -5 ,0 € [0, *10) (33)

Tixk =T 1x+ Tk =1618Tyk + (1 — S)Ts
Trx1 = T'px41 = 1.618Tpig 41

S| Upef| Ts s k
Tuk = ﬁsm( = — wt
Cs|Uf T (k-1)m non
Tuiki1 = iy sin(wt — 507) 0 € [, 7) (34)

Tix =Tk + Tk = 1.618Tyx
Trxy1 = T'ixr1 = 1.618Tyk 1 + (1 —5)Ts

The other sectors can be calculated by referring to the above calculation.

4.2.2. Harmonic Characteristics

According to the principle of vector synthesis, the harmonic characteristics of the
output voltage of the modulation method mentioned in this section are the superposition
of the harmonic characteristics corresponding to the four-vector U4 and the large vector
Urk(Urk+1). The harmonic characteristics of the four—vector Us4 are analyzed in Section
IV.A, and the harmonic characteristics of the output voltage of the large vector Urx(Urx+1)
are discussed here. According to Equations (28), (30), and (31), the referenced voltage vector
based on large vector synthesis is a square wave, and the harmonic characteristics of the
square wave are shown in Equation (35).

4 1 1 1
Uk aw (LILKH,H,) = (sin(wt) ~3 sin(3wt) + 5 sin(5wt) — 5 sin(7wt) + .. > (35)
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It can be seen that compared to the four—vector Us4, the harmonic content of each
order is higher when the referenced voltage vector is directly synthesized from a large
vector, but the fundamental wave of the output voltage is also higher. Therefore, using this
modulation can improve the VIR of the five—phase inverter, but due to the asymmetry of
the vector action time, the THD of the output voltage will be higher.

5. Simulation Research and Experimental Verification
5.1. Simulation Results

A five—phase inverter with the R-L load simulation model is built based on Mat-
lab/Simulink software. The simulation parameters are 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=200,L=5mH
Switching frequency fs 5 kHz

Figure 9a,b show the amplitude of the fundamental wave of the output line voltage Uap
and the THD of the output phase current i of the five-phase inverter with M changing under
proposed SVPWM strategies one and two, NTV-SVPWM and NFV-SVPWM, respectively.
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Figure 9. Cont.
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Figure 9. Simulation results of output-phase—voltage fundamental wave amplitude and phase
current THD varying with M under four SVPWM strategies.

From Figure 9a, it can be seen that the output voltage increases as M increases under
proposed SVPWM strategies one and two, and NTV-SVPWM. Proposed SVPWM strategies
one and two, and NTV-SVPWM can all accurately track the desired output voltage, and
the error between proposed SVPWM strategy two and the desired voltage is slightly large.
However, the output voltage of the NFV-SVPWM strategy remains basically unchanged as
M increases, mainly because when M = 0.812, the operation time of the synthesized vectors
Umk, Upmk+1, Urk, and Upg,q reaches the maximum effective value, that is to say, the
zero-vector operation time is 0. Even if M increases, the operation time of each synthesized
vector remains unchanged, making the output phase voltage unchanged as M increases.

As can be seen from Figure 9b, since the action time of the synthesis vector under the
NFV-SVPWM strategy remains unchanged, the THD of its output phase current does not
change. Although the output voltage of the NTV-SVPWM strategy increases with M, its
THD does not change significantly. The main reason is that the action time of the synthesis
vector changes proportionally, making the synthesized referenced voltage vector waveform
unchanged. However, the two proposed SVPWM strategies change the ratio of the action
time of the large vector to the medium vector, and as M increases, the action time of the
large vector continues to increase, leading to the increase in the THD of the output current.
The simulation results are consistent with the theoretical analysis. The simulation results
show that the two proposed SVPWM strategies can effectively improve the fundamental
amplitude of the output voltage of the five-phase inverter, and their THD is lower than
that of NTV-SVPWM and higher than that of NFV-SVPWM.

Figure 10 shows the output phase voltage, phase current, and FFT spectrum under the
four SVPWM strategies when M = 0.89. As shown in Figure 10, compared to NFV-SVPWM,
the two proposed SVPWM strategies can effectively increase the fundamental amplitude
of the output voltage, but the output current THD will increase quickly. Compared to the
NTV-SVPWM, the output voltage continuously increases as M increases, but the output
current with proposed SVPWM strategy one has a better sinusoidal waveform and lower
THD. It can be seen that using the two proposed SVPWM strategies can effectively improve
the fundamental amplitude of the output voltage and have better output performances.
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Figure 10. Output phase voltage, phase current, and FFT spectrum under four SVPWM strategies

when the modulation ratio is 0.89.

5.2. Experimental Verification

In order to verify how correct the theoretical analysis and the feasibility of the proposed
strategies is, both of the semi—physical and real experimental platforms composed of
DSP + FPGA are built and shown as Figure 11, and the experimental results are almost the
same. The experimental parameters are consistent with the simulation parameters.
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(c) Five—phase inverter experiment

Figure 11. Semi-and real physical experimental platforms.

Figures 12-14 show the output current and harmonic distortion rate of the five-phase
inverter under the four SVPWM strategies with M = 0.83, 0.89, and 0.951, respectively.
As can be seen from the figure (under the same modulation strategy), with M increasing,
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the output current of traditional NFV-SVPWM remains unchanged, with the maximum
M = 0.812. The output current of traditional NTV-SVPWM continuously increases, but
its THD does not change too much, due to the same distribution of its output harmonic
characteristics, which is independent of M. Therefore, it can be known that both the output
voltage amplitude and output current THD increase with M, but proposed SVPWM one
has better output characteristics than that of proposed SVPWM two.
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Figure 12. Experimental results of output current and its THD with M = 0.83. (a) Traditional
NFV-SVPWM. (b) Traditional NTV-SVPWM. (c) Proposed strategy one. (d) Proposed strategy two.
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Figure 13. Experimental results of output current and its THD with M = 0.89. (a) Traditional
NFV-SVPWM. (b) Traditional NTV-SVPWM. (c) Proposed strategy one. (d) Proposed strategy two.

From Figures 12-14, compared to NFV-SVPWM, it can be seen that the output volt-
age of proposed SVPWM strategies one and two continuously increases as M increases;
however, the THD of the output current also increases. The voltage output capabilities of
traditional NTV-SVPWM and proposed SVPWM strategies one and two are identical, but
the THD of the output current with proposed SVPWM strategies one and two is smaller
than with traditional NTV-SVPWM. The experimental results are consistent with the theo-
retical analysis and simulation results, verifying that the theoretical analysis is correct and
the proposed SVPWM strategies are feasible.
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Figure 14. The output phase voltage, phase current, and FFT spectrum under three modulation
strategies with M = 0.95. (a) Traditional NFV-SVPWM. (b) Traditional NTV-SVPWM. (c) Proposed

strategy one. (d) Proposed strategy two.

It is also easy to conclude from the previous validation section that there are also
advantages and disadvantages of the two traditional modulation strategies and the two

improved modulation strategies, which is expressed in Table 3 below.
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Table 3. Comparison table of four modulation strategies.
Comparative Improved Improved
P NFV-SVPWM NTV-SVPWM SVPWM SVPWM
Indicators
Strategy 1 Strategy II
Output voltage error low low less smaller
Total harmonic . .
distortion (THD) low high higher lower
Modulation . .
ratio (M) 0.812 inapplicable 0.915 0.915
Experimental practicable practicable practicable practicable

References

validation results

6. Conclusions and Prospects

Considering the advantages of the high output voltage of NTV-SVPWM and the low
THD of NFV-SVPWM, and attempting to best overcome the disadvantages of the high THD
of NTV-SVPWM and the low output voltage of NFV-SVPWM, two improved SVPWM
strategies are proposed by redesigning the weighting factors and vectorial combinations
of Us4, Usp, and Upx(Urk+1) based on analyzing the output harmonic characteristics of
NFV-SVPWM and NTV-SVPWM, where M improves from 0.812 to 0.951. The reference
voltage vector U,y is synthesized by Us4 and Ug; with proposed SVPWM strategy one, and
the referenced voltage vector U,ef is synthesized by Us4 and Urx(Up k1) with proposed
SVPWM strategy two. Compared to NFV-SVPWM, the simulation results show that
the two proposed SVPWM strategies have lower output voltage errors, but both of the
THD:s of the two proposed SVPWM strategies are higher. Compared to NTV-SVPWM,
the simulation results show that the two proposed SVPWM strategies have lower output
voltage errors and THDs. Compared to the two proposed SVPWM strategies, proposed
SVPWM strategy one has a lower output voltage error and THD. Considering various
factors comprehensively, proposed SVPWM strategy one is more suitable for five—phase
inverters. The experimental results show that the two proposed SVPWM strategies are
correct and feasible.

The two improvement methods proposed in this paper can improve the fundamental
amplitude of the output voltage on the basis of over-modulation, but it itself carries the
disadvantage of high harmonic content, for which relevant scholars can, according to the
ideas provided in this paper, follow—up on the improvement in the external circuit based on
the study of a new strategy to improve the fundamental amplitude of the output voltage,
and they can reduce the harmonic content.
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