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Abstract: In order to improve the Direct Current (DC) bus utilization ratio and realize harmonic
suppression of a five-phase induction motor, the SVPWM (Space Vector Pulse Width Modulation)
algorithm was researched in depth. Based on an analysis of the present SVPWM algorithm and the
volt-second balance principle, a dynamic and adjustable new pattern four-vector SVPWM algorithm
was proposed. The algorithm uses the modulation index and zero vector to improve the characteristics
of the inductor motor, the function relationship with real-time dynamic ratio between the action-time
ratio of the space voltage vector and the modulation index was proposed to maximize DC bus
utilization ratio, and the random zero-vector dynamic modulation mode was used to reduce harmonic
influence, being able to spread harmonics concentrated around certain frequencies across a wider
frequency band and thus produce a more continuous and uniform power spectrum. The new
algorithm model was built using Matlab/Simulink, and the simulation and experimental results
demonstrated that the algorithm is effective and feasible.

Keywords: five-phase induction motor; voltage source inverter; SVPWM algorithm; DC bus utilization
ratio; harmonic suppression; dynamic ratio

1. Introduction

Five-phase induction motor drives show several advantages over three-phase induction motors,
such as lower voltage with high power, small torque ripple, high fault-tolerance capability, lower
DC (Direct Current) link current harmonics, high reliability, high efficiency, lower current with equal
voltage, and high torque density, which suggests many applications in electric locomotive, electric ship
propulsion, aerospace engineering, and wind power [1-7]. Five-phase induction motors are generally
driven by a multi-phase voltage/current source inverter, which is composed of a speed/torque control
system with a controller and sensor. In recent years, the PWM (pulse-width modulation) multi-phase
inverter control method and variable-speed multi-phase motor control strategy have become two
research hotspots in multi-phase motor applications. SVPWM (space vector pulse-width modulation)
using the method of vector combination is widely used in the multi-phase motor driving field because
of its advantages of small torque ripple and current distortion, clear concept, better flexibility, and easy
digital implementation compared with SPWM. More harmonics, larger noise and switch loss, and lower
DC bus utilization are the main problems with SVPWM if it is not implemented properly. Many SVPWM
control methods have been proposed to solve the above problems in different applications [8-18].
A new coordinate system SVPWM method was developed to eliminate common-mode voltage for
multi-level inverters [8]; a five-phase SVPWM algorithm based on a modulation function was used
to improve the computing speed and precision, replacing the traditional multiplication and division
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operation [9,10]; zero-sequence signal injection for a carrier-type multiphase inverter was used to
improve PWM wave characteristics and reduce the influence of harmonics on the system [11]; reference
voltage decomposition was used to calculate a multi-level space vector to simplify calculations and
optimize the switching state [12]; a model of a three-phase VSI (voltage source inverter) and CSI
(current source inverter) was presented and the THD (total harmonic distortion) of two models was
analyzed based on the SVPWM technique [13]; and a novel SVPWM control technique for a nine-phase
induction motor was used to improve the linear modulation region and create a better harmonic
profile [14]. The random SVPWM method has attracted attention as a solution in recent years [15-18].
The random pulse modulation technique, the fixed sample frequency and variable switching frequency
SVPWM strategies, and the dual random technique are the main research topics. A hybrid SVPWM
technique was used to obtain an optimum switching sequence and reduce the instantaneous voltage
error for a three-phase motor [15], a random selection of carriers between two triangular signals and
random pulse-width modulation were combined to improve DC bus utilization and randomization
of the harmonic power in a three-phase motor [16], a random forest regression SVPWM algorithm
was proposed to improve the performance of a motor [17], and a non-sinusoidal random SVPWM
strategy based on a randomized switching time delay and randomized distribution of the zero vector
was used to improve the high-frequency performance of a five-phase motor and to realize harmonic
dispersion [18]. Improving the performance of five-phase motors based on SVPWM strategies is still
an active research area.

To improve DC bus utilization and reduce harmonic influence, this paper proposes a dynamic
and adjustable new pattern four-vector SVPWM algorithm, which combines a dynamic ratio space
vector and an adjustable zero-vector action time modulation mode for a five-phase induction motor to
improve the DC bus voltage utilization rate and reduce the harmonics. Section 2 shows the structure
and characteristic of the five-phase induction motor. Section 3 presents the characteristics of the space
voltage vector of the five-phase induction motor and the relationship between the DC-link voltage and
the reference voltage. Section 4 explains the principle of the proposed dynamic and adjustable new
pattern four-vector SVPWM algorithm. Finally, the corresponding simulation model was established
using Matlab/Simulink, and proved the feasibility of the proposed method. The experimental results
demonstrated that the proposed algorithm is effective and feasible.

2. Five-Phase Induction Motor Components and Structural Characteristics

Figure 1 shows the structure topology of a five-phase induction motor. The rotating reference
frame dq0 and stationary reference frame xf30 were used to analyze the characteristics of the five-phase
induction motor. The d axis and « axis are coincident in the initial state. The conversion relationship
between the two coordinate systems is shown in Equation (1):

cos0 cos(%”) cos(%) cos(%) cos(%) Uy

Uo —sin0 —sin(%”) —Sin(%n) —Sin(%n) _Sin(ss_n) U
( up ): cos0  cos(%E) cos(1ZE)  cos(L8)  cos(%E) Uc (1)

—sin0 —sin(%”) —sin(uT”) —sin(lST”) —sin(MT”) Up

1 1 1 1 1 U

2 2 2 2 2 E

where Uy, Ug, Uc, Up, and Uf are the reference voltage vectors in dq0; and Ux and Upg are the voltage
vectors in «f30.
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Figure 1. Five-phase induction motor structural topology.

According to the extended Park transform, two orthogonal subspaces ;310 and «3(330 and
a zero-sequence component were obtained using Equation (1). The «;[3;0 subspace included the
fundamental components, and a3330 included the third-harmonic components [19-22]:

Uocl[?)l = (UA + UBe%ﬂj + Uce%j + LIDe%nf + UEe%nj)

)

ginN - g

27 ; 4 . 6m ; 8m ;
Uusps = (Upg + Uces ) + Uges/ + Uges/ + Upes/)
In order to reduce as much as possible the influence of magnetic field fluctuation on the induction
motor performance, the ideal output voltage, as shown in Equation (3), was assumed to form an ideal
circular magnetic field via the inverter:

U, = U cos(2mft)
Ub = U cos(2mft — 2)
= U cos(2mft — 4F) 3)
Ud = U cos(2mtft — ¢F)
= U cos(2nft — &)

This paper proposes an SVPWM algorithm that combines the adjustable variable ratio and the
adjustable zero-vector action time to improve the DC-link utilization and realize harmonic suppression.

3. Analysis of a Space Voltage Vector Based on a Five-Phase Voltage Inverter

Figure 2 shows the structural topology of a five-phase voltage-source inverter driving
induction motor.
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Figure 2. Five-phase voltage source inverter structural topology.

The switch function S = [Sa, S, Sc, Sp, Sg] is used to describe the working status of a voltage
source inverter. S* is a Boolean variable (* = A, B, C, D, E); when S+, = 1, the upper switch of
the corresponding leg is on and the lower switch is off, and when S+, = 0, the lower switch of the
corresponding leg is on and the upper switch is off. According to Figure 2, the output phase voltage of
the five-phase voltage source inverter can be expressed as U* = §*-Up, where Up denotes the DC-link
voltage. Therefore, the output voltage space vector of a five-phase voltage source inverter can be
expressed as shown in Equation (4):

Uy = %uD(su +Spel S Sl T 4 5,00 45,0/ (4)

When the switch function S has different values according to Equation (4), different output voltage
vectors will be obtained, which can be divided into four categories according to their amplitude. There
are 32 active vectors, including 10 large active vectors, 10 middle active vectors, 10 small active vectors,
and 2 zero vectors, (Ug = 00000) and (Us; = 11111), which form a regular decagon with different
side lengths, dividing the space into 10 sectors. Table 1 shows the amplitude of the four kinds of
space vector.

Table 1. Amplitude of the voltage vector for a five-phase inverter.

Space Vector Amplitude
Large Vector, Up, 2Up2cos (%) = 0.6472Up
Middle Vector, Uy %UD = 04Up
Little Vector, Us 2Up cos (&) = 0.2472Up
Zero Vector, Uy, Usq 0

The voltage space vector distribution of a five-phase voltage-source inverter is given as shown
in Figure 3 in the o1 31 space. The 5 bit binary corresponding to each voltage space vector indicates
the switching state corresponding to the vector; for example, U5(11001) indicates the switch function
S=[1,100,1],52+ =1,Sg: =1,5¢c+ =0,5p+ =0,Sg+ =1,54-=0,53_=0,5¢c-=1,5p_=1,5g_ =0.
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Figure 3. Voltage vector distribution of a five-phase voltage source inverter.

4. Algorithm Analysis and Comparison

4.1. Traditional Last Four-Vector Algorithm

According to Figure 3, the nearest two-vector SVPWM algorithm (NTSVPWM), which is composed
of two large vectors and two zero vectors adjacent to the reference vector, and the nearest four-vector
SVPWM algorithm (NFSVPWM), which is composed of two large vectors, two medium vectors, and two
zero vectors adjacent to the reference vector, are traditional algorithms used in the context of a five-phase
motor based on the mature SVPWM symmetric modulation algorithm of the three-phase inverter.

When NTSVPWM is used, the maximum value of the reference voltage vector is the inscribed
circle radius of the positive decagon, composed of the large vector in the linear modulation range,
as shown in Equation (5). U, is the amplitude of the reference voltage. Uyt gy is the maximum
amplitude of the reference voltage:

Uref max = Uy cos(1/10)= 0.6155Up (5)

The modulation index of the voltage source inverter can be defined as in Equation (6):

|Ure|
= (6)
0.5Up
The maximum linear modulation index, based on NTSVPWM, is shown in Equation (7):
|uref max)
= ——— =1231 7
"= "0sU, 3 @

Because of the two following reasons [1,20], although the modulation index m = 1.231 is greater
than m = 1.1547 (modulation index of the three-phase motor in the line range), m = 1.231 does not
become the boundary of the linear and overmodulation regions.

(1) An independent generation of the output voltage in the n-phase VISs requires at least (1 — 1)
active voltage vectors, where n is the number of phases.

(2) NTSVPWM is a simple extension of space vector modulation of three-phase VSIs, which leads to
the generation of low-order output voltage harmonics of significant values.

The boundary of the linear and overmodulation regions of the five-phase induction motor is
m = 1/cos(pi/(2 x 5)) = 1.0514, which comes from thee NFSVPWM algorithm, according to [23,24].
This means that the linear modulation region decreases as the number of phase n increases in the
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n-phase motor. Although this is a disadvantage, more space vectors and a lesser low-order harmonic
influence make the multi-phase motor have better characteristics than the three-phase motor, including
a five-phase induction motor.

Figure 4 shows a schematic diagram of any sector generating a reference voltage vector with
NFSVPWM adopting a five-phase voltage source inverter.

TL(k—l)Ii_(k’

\ Dvmk
5 »
e ﬁ ot j(k-n 7 o
S

Figure 4. Composition of a reference vector based on NFSVPWM (the Nearest Four-vector SVPWM
algorithm) in sector k.

According to the volt-second balance principle of the space voltage vector and Figure 4, the vector
equilibrium equation is presented as Equation (8):

UpefTs = Upk Tk + Ur k1) Teer1) + Unik Tk + Uiy 1) Ty + UoTo 8

where T, Tr+1), and Tk, Tm(k+1) are the large vector and middle vector action time in sector k; T is

the PWM switching period; and T is the action time of the zero vector in one switching period.
When the ratio of the vector action time equals the ratio of the corresponding vector amplitude, as

shown in Equation (9), the action time of the four vectors can be obtained as shown in Equations (10)—(14):

Tuiest) _ T _ Un
Trerny T Ur

= 0.618 )

Uyef sin(kmt/5 — wt)-Ts

T = 0, 0.618U,,)-sin(7/5) (10)

_ Urer sin(wt — (k—1)7t/5)-Ts
TLe00) = 0, T 0,618U,,)-sin(7/5) (11)
Ty = 0.618Tp .
Tonks1) = 0.618 T 1) 13)
To=Ts = Tugern) = Tk = Tkrr) = Tk (14)

The modulation waveform of the symmetric modulation mode in the first sector, as shown in
Figure 5, can be given, and the modulation waveforms in another sector can be obtained, which are
not described here.
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Figure 5. Modulation waveforms in the first sector.

The maximum reference voltage based on NFSVPWM can be obtained as shown in Equation (15):

+ U, i ) cos(/10)= 0.5257U, (15)

U, = (U, L
ref (LuL+um U, + Uy

The corresponding modulation index can be obtained as shown in Equation (16):

|Urey|
"= 05U,

=1.0514 (16)

According to Equations (7) and (16), NFSVPWM has a lower modulation index than NTSVPWM
but better characteristics. When m < 1.0514, either NTSVPWM or NFSVPWM can be used, but
NFSVPWM is the best according to [22-24]. When 1.0514 < m < 1.231, the NFSVPWM algorithm
cannot be used because of the longer action time of the middle space vector. The aim of this paper was
to propose a new method dynamic modulation four-vector algorithm to improve DC bus utilization
and reduce the harmonics.

4.2. Dynamic Modulation Four-Vector Algorithm

According to Section 4.1, NFSVPWM results in the DC bus utilization being lower because of the
low modulation index, and NTSVPWM uses two large vectors, which improves the DC bus utilization
and obviously increases the harmonics. Therefore, this section proposes a four-vector SVPWM
algorithm that combines the dynamic ratio changing space vector acting time and the adjustable
zero-sequence acting time, which improves the utilization rate of the DC bus voltage and reduces
the harmonics.

The specific implementation steps of the algorithm are as follows:

(1) Define the action time ratio A between the medium vector and the large vector.
(2)  According to the volt-second balance principle and Equation (8), compute the action time of the
space vector to give Equations (17)—(20):

Uyef sin(kr/5 — wt)-Ts
(UL + AUy,)-sin(nt/5)

Trx (17)

Uyef sin(wt — (k—=1)1/5)-Ts
(UL + AUy, )- sin(7t/5)
Tk = ATk (19)

Ty = ATrer) (20)

Tk = (18)
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(3) Determine the relationship between the parameter A and the reference voltage U,.f, which is

shown as Equation (21):
0.6472 + 0.4A

21
1A e (21)

uref =

According to Equation (21), when Uy is constant, the reference voltage changes with A; the

relationship is shown in Figure 6. When A = 0, the maximum reference voltage can be obtained,

which is 0.6472U4, and the corresponding modulation index is m = 1.231, in which only the two

adjacent larger vectors work. When A = 0.618, the reference voltage is 0.5527Ug and the corresponding

modulation index is m = 1.0514, which means the two adjacent large vectors and the two middle
vectors work together.

0.6 (0,0.6472)

Reference Voltage (*Ud)
o
D

618,0.5528)

055 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

action time ratio (1)

Figure 6. The relationship between the reference voltage and A.

Figure 7 shows the relationship between the modulation time and action time ratio A when
Ts = 107* s. When A > 0.618, the reference voltage further decreases (i < 1.0514); the long action time
of the middle vector causes the total action time to be greater than Ts, which not only reduces the
affecting time to ensure the total action time is equal to T but also causes the lower DC bus voltage
utilization rate and larger harmonics. When m < 1.0514, A = 0.618 is used to make the best of the
Space vector.

«107° different atcion ratio A modulation time curves

—A=0

N

w

modulation time (s)
N

RN

O
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 o0.06
time (s)

Figure 7. The modulation time-based action time ratio A.



Energies 2020, 13, 1856

4)

)

9of 21

Determine the relationship between action time ratio A and the modulation index m to gain
maximum utilization of the DC bus voltage, which is shown as Equation (22):

1231-m

-~ m—0.7608 @2)

Zero-vector action time randomization The zero-vector action time randomization was proposed
because the MMF (magneto motive force) depends on the five-phase voltage vector action time
difference and has nothing with the conduction time of the voltage vector. Zero-vector action
time randomization, which can adjust the electromagnetic compatibility without additional
hardware, was used to spread the harmonics concentrated around certain frequencies to a wider
frequency band and produce a more continuous and uniform power spectrum. In order to keep
Teffect, as defined in Equation (23), as a constant and to reduce the harmonic effect, zero-vector
action time randomization was introduced. In Sector 1, for example, the principle of zero vector
randomization is shown in Figure 8. Figure 8a shows the PWM symmetric modulation waveform
adopting the traditional four-vector method, wherein the action time of the two zero vectors is
equal. Figure 8b shows the PWM random modulation waveform, wherein the action time of the
two zero vectors is random.

% T T, o T % % T n T2 T T

4 2 2 2 2 4 4 2 2 2 2 4
L ( ( ( ; ; ;
_I*—’ 1 1 1 | 00000 UO
: ! ; 1 1 i ! 3 ! 10000 U16
| % | ; i | : 11000 U24
l‘::*: 1 1 [ | 11001 U2S
| g | : 1 ‘ : : 11101 U29
3 D B N B 1 ! | | 11111 U31
U : : 1 } ; ; 11101 U29
1 1 1 : 11001 U25
| 1 LT 1 11000 U24
|« : : : > ! ! : 10000 U16
; 00000 U0
i L i | L | |
: : : ! ‘ ‘ : ! 1 1
B2z 77777

Tk Teffect 1T Teffect 17,

Lo o m & & W & & I W B I &
2 2 T2 T2 3 3 Tz T2 T2 T2 73

D_ 00000 U0

10000 V16

1
: I I 11000 U24
} 11001 U325

11101 v29
11111 v31
11101 v29
11001 v25
11000 u24
10000 vi1e
00000 U0

/

1T, Teffect (-1, Teffect 14T,

(b) Modulation waveform at the first sector based on the Uo and Us1 vector random modulation time.

Figure 8. Random modulation waveforms of the first sector of a five-phase induction motor.



Energies 2020, 13, 1856 10 of 21

The effective action time of the corresponding half cycle can be expressed as Equation (23).
The action time of the zero vector (Up and Ugz;) in the half cycle is shown by Equation (24):

Tettect = max(T.) —min(T.) (23)

1
AT = ETS = Teffect, To = 2AT (24)

The action time of Uy and U3, for the random adjustment factor (0 < & < 1) is given in Equation
(25). When & = 0.5, Figure 8b degenerates to Figure 8a. When & =1 or & = 0, only one zero vector acts:

{ T070 = ET(), fOI' UO (25)

To_s1 = (1= ¢&)To, for Uz
5. Simulation and Experiments

5.1. Simulation

In order to test the proposed algorithm, a five-phase induction motor simulation model was built
based on Matlab/Simulink, as shown in Figure 9. The simulation model mainly included a reference
vector module, sector calculation module, action time module, PWM generator module, inverter
module, and simulation load module. The motor parameters of the simulation model were consistent
with the parameters of the actual induction motor as shown in Table 2. In order to verify the algorithm,
two typical modulation indexes, m = 1.0514 and m = 1.1, were considered.

(1) Reference-voltage module: This module was used to set the simulation parameters, such as the
five-phase voltage, frequency, and modulation index, to compute the reference voltage.

(2) Sector calculation module: This module was used to calculate the sector of the reference vector
and the action time of the corresponding space vector.

(3) Action time module: This module was used to determine the sequence of the space vector at
every sector and the effect of moment of the space vector.

(4) PWM generator module: This module was used to generate the PWM wave.

(5) Inverter module: This module was used to simulate the characteristics of the five-phase
voltage-source inverter.

(6) Simulation-load module: This module was used to simulate the characteristics of the experimental
induction motor.

Shanquf——(2 )
Ts - 1_test 2_Single
To_n T Shacau p(5)
TA Test_angie
Tk o (70) TeAin
0 hz Shanqu qu_in2
TUke Tmk
cLek Time
pes
. i = o
outs Urer = =
Tmk1 »1)
Ts_Out T et
Thetd Tikt1_in TeA_Out m;
ULout uL
- TeB_Out TeC.in
um_out um
| Tik_in e
biani
TeD_Out f— c
Tiaozhi lanbuDa Tkt Tmk#1_in =0
. TeE_Out
ector_Calcu
1 Reference_Vector e T
ek _i
Aup_Out f——{Aup
TeA In A _phase_Output A_Load
5 ADown_Out [———] Adown
TcA Bup_Out p
TeB_in B_phase_Output,  Load
BDown_Out
B Cup_Out up
TeG_in C_phase_Output, : Load
CDown_Out down
Tt Dug_Out oup
TeD_in D_phase_Output, D_Load
D DDown_Out Ddown
TeD Eup_Out
TeE_in E_phasa_Output, _Load
L EDown Out »{Edoun

T Ve (. 5 Inverter 6. Simulation_Load

Figure 9. Five-phase motor simulation model based on Matlab/Simulink.
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When the modulation index m = 1.0514, the modulation time waveform curves were as shown
in Figure 10. Figure 10a shows the NTSVPWM algorithm and Figure 10b shows the NFSVPWM
algorithm. The corresponding voltage curve of each phase is shown in Figure 11; the output voltage of
each phase was far less than the DC bus voltage and the maximum DC-bus utilization rate was not
reached using NTSVPWM, as shown in Figure 11a, although the output voltage of each phase could
reach the DC-bus voltage with a short modulation time using NFSVPWM, as shown in Figure 11b.
The corresponding harmonic chart is shown in Figure 12. The third harmonic was 28.9% and the
seventh harmonic was 4.66% for NTSVPWM, as shown in Figure 12a, which shows that the harmonic
component was relatively large. The third harmonic was 0.28% and the seventh harmonic was 0.35%
for NFSVPWM, as shown in Figure 12b.

5

5 x10 . . 5 % 10—5 o
& on
ﬂé ° —— Phase A
-5 g 5l ——Phase B
.S g Phase C
= = 5 —— Phase D
5 =
S E ——Phase E
E g 1 | / \ \// v-

| . . N . B
0.02 0.04 0.06 0.08 002 003 004 _ 005 006
time (s) time (s)
(a) NTSVPWM (b) NFSVPWM

Figure 10. Five-phase modulation time based on traditional algorithms.

200 " T
/‘ W\ 200 —— Phase A
100 | \ [ ] — Phase B
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[ o < — Phase D
o 0f| Phase B &% 0 ———Phase E
on Phase C k=
§100 ——Phase D || £100
\|——— Phase E
\ T -200
-200 - VVVV . .
0.02 0.04 0.06 0.08 0.02 0.03 0.04 0.05
time (s) time (s)
(a) NTSVPWM (b) NESVPWM
Figure 11. Voltage waveforms based on traditional algorithms.
FFT analysis FFT analsis
suncamentaliS0RziSl Iy hDS 2000 0l Fundamental (50Hz) = 2.093 , THD= 0.98%
Zao5t 05
E 15 E 0.3
§ 10 ;"_0.2
n I . | 1.

0 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10 12 14

(a) NTSVPWM (b) NFSVPWM

Figure 12. Harmonic characteristics at m = 1.0514.
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When the modulation index m = 1.0514, according to Equation (22), the modulation time ratio
was the same as the amplitude ratio. Two large vectors, two middle vectors, and two zero vectors
modulated dynamically. The corresponding modulation time waveform only phase A and phase C
modulation time are shown in Figure 13. The corresponding output voltage of each phase is shown in
Figure 14, where the output voltage reached the maximum DC bus utilization. Figure 15 shows the
corresponding harmonics, where the third harmonic accounted for 0.21% and the seventh harmonic
accounted for 0.25%. The third and seventh harmonics were reduced.

5
x10
5 VY \'4 ' v \4
~ 4r 7
&z
()
E3l ]
=
2 ——Phase A
L; 2+ ——Phase C | 1
35
o
g 1L |
0 N A A
0.01 0.02 0.03 .0.04 0.05 0.06 0.07 0.08

time (s)

Figure 13. Action time of the space vector voltage at m = 1.0514.

200 7
100 1
Z —— Phase A
(0]

@ 0 —— Phase B
T>: Phase C
-100 ——Phase D
—— Phase E
-200 \V4
0.02 0.04 0.06 0.08

time (s)

Figure 14. Five-phase voltage based on the new algorithm at m = 1.0514.
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Figure 15. Harmonic characteristics based on the new algorithm at m = 1.0514.

When the modulation index m = 1.1, the NTSVPWM and dynamic NFSVPWM with a

symmetry zero vector were used to obtain the phase action time waveform, as shown in Figure 16.
The corresponding output voltage is shown in Figure 17, and the corresponding harmonic characteristics
are shown in Figure 18. The third harmonic accounted for 28.9%, and the seventh harmonic accounted
for 4.66% for NTSVPWM as shown Figure 18a. The third harmonic accounted for 9.127%, and the
seventh harmonic accounted for 1.215% for the dynamic NFSVPWM with a symmetry zero vector as

shown Figure 18b.
3
g T —
) [0}
g e
kS S22t
£ &
S S
g 1 g1 —Phase A | 4
——Phase B
O L 1 1 1 1 0 1 A /T\)\ 1
0.02 0.08 0.04 005 006 0.07 0.08 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time (s) Time (s)
(a) NTSVPWM (b) Dynamic NTSVPWM with symmetry zero vector

Voltage (V)

Figure 16. Modulation time curve based on NTSVPWM at m = 1.1.

400 : : , " : 300
200 ~ .
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y/\\/\\ //j Ei,100 L }q]ase A\
—  Phase A % ol ——Phase B
o ——Phase B ?30 Phase AB
Phase AB §'1 00 \W
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Figure 17. A and B phase voltage at m = 1.1.



Energies 2020, 13, 1856 14 of 21

Fundamental (50Hz) = 2.191 , THD= 9.25%
T T T

7

Fundamental (50Hz) = 2.21 , THD= 29.36%

w
S

N
3
@

- - r
=] @ S
IS @

Mag (% of Fundamental)
Mag (% of Fundamental)

= @
F
.
.
—
.
>

)
-

0o 1 2 3 4 5 6 T 8 9 10 L .

(a) NTSVPWM (b) Dynamic NTSVPWM with symmetry zero vector

Figure 18. Harmonic characteristics at m = 1.1.

When the modulation index m = 1.1, the action time ratio A was determined according to Equation
(22), and the modulation time curve was obtained as shown in Figure 19. The corresponding five-phase
voltage and AB (AB = Phase A — Phased B) line voltage curves are shown in Figure 20, and the
corresponding harmonic characteristics are shown in Figure 21. The third harmonic accounted for
8.9% and the seventh harmonic accounted for 1.2%.
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Figure 19. Modulation time curve of the space vector voltage based on the new algorithm at m = 1.1.
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Figure 20. Five-phase voltage and AB (AB = Phase A — Phase B) line voltage at m = 1.1.
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Figure 21. Harmonic characteristics at m = 1.1.

The simulation showed that the proposed algorithm not only ensured that the DC-bus voltage
utilization ratio remained in the maximum utilization state but also effectively reduced the influence
of harmonics.

5.2. Experiments

In order to verify the proposed algorithm, a five-phase prototype system was supplied by an
inverter composed of two three-phase two-level voltage-source inverters sharing the same DC-link
voltage, with each inverter phase leg operating independently. A STM32F407 high-performance
microcontroller was used to control the inverter. Figure 22 shows the experimental system of the
five-phase induction motor.

380VAC
ViwW

Circuit breaker

Inverter
controller

= Two three phase
voltage-source
Inverter

Five-Phase
Induction Motor

Figure 22. Five-phase induction motor control principle.

The main parameters of the five-phase induction motor are shown in Table 2.



Energies 2020, 13, 1856

16 of 21

Table 2. Main parameters of the five-phase induction motor.

Name Parameter  Unit
Power 15 kW
Stator resistance 0.35 (@)
Rotor resistance 0.331 (@)
Inductance 114.7 mH
Max speed 1450 rpm
Phase voltage 215 \%
Phase band angle 36 °
Phase band number 5 -
Terminal number 5 -
Frequency 50 Hz
Pole-pair 2 -
Excitation reactance 36.024 (@)
Stator leakage reactance 1.0727 (@)
Rotor leakage reactance 1.8726 (@)

Figure 23 shows the some-phase PWM (Pulse Width Modulation) control waveform. The PWM

frequency was 10 kHz in this experiment. When the electrical characteristics of the IGBT inverter were
considered, a 5-us dead band was set taking into account the inverter manufacturer’s suggestion to
form a complementary control waveform of the upper and lower bridge, thus avoiding inverter burn
because the upper and lower bridge are connected at the same time. In order to avoid the influence of
the dead band on the inverter output voltage, voltage feedback compensation was taken into account.

Figure 23. PWM (Pulse Width Modulation) control waveform of phase A.

Figure 24 shows the experimental voltage waveform at m = 1.0514, when a traditional modulation
strategy was used. Figure 25 shows the harmonic characteristics; the third harmonic accounted
for 28.9%, and the seventh harmonic accounted for 4.66%, as shown in Figure 25a, for NTSVPWM.
The third harmonic accounted for 0.27%, and the seventh harmonic accounted for 0.36%, as shown in
Figure 25b, for NFSVPWM.
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Figure 24. Voltage waveform based on traditional modulation at m = 1.0514.
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Figure 25. Harmonic characteristics at m = 1.0514.

12

14

Figure 26 shows the experimental voltage waveform at m = 1.0514 when the dynamic modulation
algorithm proposed in this paper was used. Figure 27 shows the harmonic characteristics, wherein the

third harmonic accounted for 0.22%, and the seventh harmonic accounted for 0.25%.
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Figure 26. Voltage waveform based on the dynamic modulation algorithm at m = 1.0514.
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Figure 27. Harmonic characteristics based on the dynamic modulation algorithm at m = 1.0514.

Figure 28 shows the experimental voltage waveform at m = 1.1, when the NTSVPWM and dynamic
NFSVPWM with a symmetry zero vector were used. Figure 29 shows the harmonic characteristics.
The third harmonic accounted for 28.93%, and the seventh harmonic accounted for 4.75% for NTSVPWM
as shown Figure 29a. The third harmonic accounted for 9.13%, and the seventh harmonic accounted
for 1.211% for the dynamic NFSVPWM with a symmetry zero vector as shown Figure 29b.
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Figure 28. Voltage waveform based on traditional modulation at m = 1.1.
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Figure 29. Harmonic characteristics at m = 1.1.

Figure 30 shows the experimental voltage waveform at m = 1.1, at which the dynamic modulation
algorithm proposed in this paper was used. Figure 31 shows the harmonic characteristics, wherein the
third harmonic accounted for 8.9% and the seventh harmonic accounted for 1.4%.
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Figure 30. Voltage waveform based on the proposed dynamic modulation algorithm at m = 1.1.
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Figure 31. Harmonic characteristics based on the proposed dynamic modulation algorithm at m = 1.1.

The experimental results showed that the proposed algorithm can improve DC-bus voltage
utilization and effectively reduce the influence of harmonics.

5.3. Results Analysis

Based on the information provided in Sections 5.1 and 5.2, Tables 3 and 4 were compiled.

(1) When NTSVPWM is adopted, the lower-order harmonic is large and remains constant no matter
how the modulation index ratio changes.

(2) When m < 1.0514, NFSVPWM and the proposed algorithm can be used because of the small
harmonic. When m > 1.0514, the dynamic NFSVPWM with a symmetry zero vector can be used
to improve the DC bus utilization and harmonic.

(3) The proposed dynamic and adjustable new pattern four-vector SVPWM algorithm has better
characteristics to improve DC-bus utilization and reduce the harmonic influence

Table 3. Simulation and experimental data for m = 1.0514.

Simulation Experiment
Harmonic Content (%) NTSVPWM NFSVPWM New NTSVPWM NFSVPWM New
3 28.9 0.28 0.21 28.9 0.26 0.22
7 4.66 0.35 0.25 4.67 0.38 0.26
THD 29.38 0.98 0.90 30.1 0.96 0.85

Table 4. Simulation and experimental data for m = 1.1.

Simulation Experiment
Harmonic NFSVPWM NFSVPWM
Content (%) NTISVPWM (Dynamic + Symmetry) New NISVPWM (Dynamic + Symmetry) New
3 289 9.127 8.9 28.9 9.13 8.9
7 4.66 1.215 12 4.75 1.211 14
THD 29.36 9.25 9.22 29.42 9.46 9.38

6. Conclusions

The five-phase induction motor, as a typical multiphase motor, has its own advantages and
applications in many fields. Based on systematic analysis of the existing SVPWM algorithm, this paper
proposed a dynamic and adjustable new pattern four-vector SVPWM method. The algorithm uses the
modulation index and zero vector to improve the characteristics of the inductor motor, the function
relationship with real-time dynamic ratio between the action-time ratio of the space voltage vector and
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the modulation index was proposed to maximize DC bus utilization ratio, and the random zero-vector
dynamic modulation mode was used to reduce the harmonic influence, being able to spread the
harmonics concentrated around certain frequencies across a wider frequency band and thus produce a
more continuous and uniform power spectrum.

A simulation model was developed using Matlab/Simulink and an experimental system was
established based on an STM32 microprocessor and two three-phase voltage source inverters. When
m < 1.0514, NFSVPWM and the proposed algorithm can be used because of the small harmonic. When
m > 1.0514, the proposed dynamic and adjustable new pattern four-vector SVPWM algorithm has
better characteristics, which proved the feasibility and effectiveness of the proposed algorithm to
improve DC-bus voltage utilization and reduce the harmonics.
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