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Abstract: The switching frequency of high-power inverters, such as those used in rail transit traction
systems, is low, due to switching loss and heat dissipation limitations. This can result in considerable
output voltage harmonics. This paper proposes an optimal SPWM strategy for traction inverters
based on non-equally spaced carriers to address this issue. By dividing the fundamental wave cycle
into regions according to the principle of three-phase, half-wave, and quarter-wave symmetry, the
carrier width is symmetrically changed in each region, and a switching angle sequence is generated by
comparing the fundamental wave with the non-isometric carrier. The proposed optimal modulation
strategy has lower harmonic content than traditional strategies within a specific modulation range.
Enhancing the inverter output waveform leads to increased torque accuracy, lowering additional
losses in the motor and avoiding overheating. This results in improved performance, enhanced
efficiency, and extended service life of the motor system. To further reduce voltage harmonics across
the full-speed range, a multi-mode segmented synchronous modulation strategy is designed based
on the optimal modulation strategy for different modulation ranges. Appropriate switching points
are selected to improve the stability of the traction drive system across the full-speed range. The
effectiveness of the proposed method is verified through simulation and experimental results.

Keywords: SPWM (Sinusoidal Pulse Width Modulation); space vector modulation; inverter;
harmonic distortion; carrier ratio

1. Introduction

With the development of inverter technology, the pulse width modulation strategy
is being improved and perfected [1-3]. Rail traction inverters often exhibit low switching
frequencies, limited to a few hundred hertz, due to constraints on power device switching
losses [4-6]. When the train runs at a low speed, the switching frequency of the high-
power traction inverter is relatively high, and the influence of waveform asymmetry is
small. Therefore, asynchronous modulation is adopted [7]. When the train runs at medium
and high speeds, the switching frequency of the high-power traction inverter is low, and
asynchronous modulation may lead to the output voltage waveform of the inverter being
asymmetrical and producing significant harmonics. To avoid the harmonics caused by
waveform asymmetry, synchronous modulation is adopted [8]. The development of high-
performance synchronous modulation strategies has recently become a focal point in rail
transit traction inverter research.

There are three primary categories of synchronous modulation strategies: optimization-
target-based modulation, space vector modulation (SVPWM), and carrier-based sinusoidal
pulse width modulation (SPWM). Optimization-target-based modulation encompasses
selective harmonic elimination PWM (SHEPWM) and current harmonic minimization
PWM (CHMPWM) [9-12]. While these methods effectively suppress harmonics, their
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reliance on solving transcendental equations makes them computationally intensive and
complex to implement.

SVPWM, on the other hand, achieves output voltage waveform symmetry through
volt-second balancing and harmonic optimization by synthesizing reference voltage
vectors [13]. Various optimization strategies and principles for synchronous SVPWM
modulation have been proposed, as well as methods to improve inverter output perfor-
mance at high modulation indices [14,15]. Researchers have also explored hybrid modula-
tion approaches that combine different modulation strategies to optimize overall system
performance [16-19].

SPWM controls inverter switching device pulse output by comparing fundamental
and carrier waveforms. Although this strategy is computationally simple and easy to
implement, it results in high harmonic content [20]. Studies have shown that random
carrier frequency modulation can effectively reduce harmonic peaks, but the calculations
involved are complex and difficult to implement [21-24]. Advances in microcontrollers and
FPGAs have, however, facilitated the implementation of SPWM. The researchers proposed
an improved SPWM, which can reduce the power loss of THD and inverter by improving
the modulation wave shape to improve the bias voltage. Compared with the conventional
modulation strategy, it has some advantages at a high switching frequency and modulation
index close to 1 [25].

Lastly, synchronous optimal PWM is more suitable for multilevel inverters to find
the optimal switching angle to minimize the output harmonic content. This strategy has
to give the initial value of the generated angle, which will have a great influence on the
modulation strategy. It is also necessary to calculate the optimal value of the angle and
determine whether the angle is continuous or not, which leads to a complex calculation
and a large number of operations for this type of modulation strategy [26].

In response to the problem of high harmonic content in traditional SPWM, this paper
proposes an optimal synchronous SPWM modulation strategy for traction inverters based
on non-equally spaced carriers. The SPWM fundamentals, waveform symmetry conditions,
and region division are discussed in Section 2. The improved SPWM, waveform evaluation
metrics, and simulation validation are discussed in Section 3. Experimental validation
is given in Section 4. The proposed PWM modulation method has been proven to be
a universal optimization strategy suitable for various motor types, including induction
motors, permanent magnet synchronous motors, etc. This optimization effectively reduces
the harmonic content in the inverter output, especially at low switching frequencies and
carrier ratios, thereby minimizing additional losses of the load motor and improving motor
efficiency and system control performance. The effectiveness of this method has been
verified by simulation and experimental results.

2. Synchronous SPWM

Basic Principles of Synchronous SPWM

Figure 1 shows the topology of the main circuit of the two-level inverter. By controlling
the on/off of power devices, each phase of A, B, and C can output two different switching
states. When the base wave is larger than the carrier wave, the high output level is
represented by 1; when the base wave is smaller than the carrier wave, the output low level
is represented by 0.

In Figure 1, V4 is the DC bus voltage, C is the filter capacitor, S1-S6 is the power
device on the three-phase bridge arm of A, B, and C, iy, ig, and ic are the corresponding
three-phase AC currents, and M is the motor. To satisfy the symmetry condition, similar to
the case of synchronous SVPWM, where the fundamental voltage vector is sectorized in
one fundamental cycle, the entire carrier is zoned in synchronous SPWM.

InFigure2, V5, Vg, and V¢ are the reference voltage fundamental, and one fundamental
period of phase A is divided into six regions. In contrast, the control pulses generated by
comparing the three-phase fundamental period with the carrier wave are given. To facilitate
the observation of the carrier waveform of each region, take phase A as an example to
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introduce the carrier waveform with the carrier wave peak point over 90°. Phase B and C
are the same. The horizontal axis represents the angle, and the vertical axis represents the
three-phase voltage amplitude. The dotted line in the middle of area I is a 90° dotted line, and
the base point 67 Set at 90°.

: E———.
cNC1 1 0 1 0 [ ey

2

Figure 2. Schematic diagram of synchronous SPWM modulation.

The modulation wave of phase A is represented by the red sine wave, and its cor-
responding voltage waveform is represented by the red pulse waveform. Likewise, the
green sine wave represents the modulation wave of phase B, and the green pulse waveform
represents the voltage waveform of phase B. Finally, the blue sine wave represents the mod-
ulation wave of phase C, and the blue pulse waveform represents the voltage waveform of
phase C. The carrier waveforms in regions I, III, and V are consistent with satisfying the
three-phase symmetry principle. Similarly, the carrier waveforms corresponding to regions
II, IV, and VI are consistent.

To satisfy the half-wave symmetry principle, the carrier waveforms corresponding to
regions I and IV, regions II and III, and regions V and VI should meet odd symmetry.

To satisfy the quarter-cycle symmetry principle, the carriers of the region I have to
maintain left-right symmetry with the base point 64, i.e., have to meet even symmetry. To
keep the carrier wave evenly symmetric at both sides of the base point 0, the carrier wave
must be peak or trough at the 90° moment.

Based on satisfying the above symmetry principle, to ensure that the carrier does not
jump at the boundary, the two boundaries of region I must correspond to the midpoints
of the diagonal edges of the carrier. The following design rules can be obtained from the
above analysis:

1.  The angle of each region is 60°.
2. The carrier waveform in each adjacent region maintains odd symmetry centered on
the boundary.
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3. The carrier waveform centered on the centerline maintains even symmetry in each
region.

The analysis can continue to narrow region I. Because the 90° dashed line is uniformly
symmetrical on the left and right sides of the carrier waveform, region I is bounded by
90° in the first 30° of the carrier waveform (60° to 90°), and the carrier waveform can be
designed for the whole cycle, so the 30° principle is defined.

A clamping strategy is derived from reducing the harmonic content on the syn-
chronous SVPWM. By analogy, synchronous SPWM can also be 30° clamped and 60°
clamped.

3. Optimal Synchronous SPWM for Unequally Spaced Carriers

The optimized synchronous SPWM based on non-equally spaced carriers also has to
satisfy the symmetry principle of carrier waveform mentioned above. Based on satisfying
the symmetry principle, the carrier waveform of the optimized synchronous SPWM is
obtained by the normative design of the carrier waveform. Finally, it is compared with
the conventional synchronous SPWM to verify the superiority of the proposed strategy in
this paper.

3.1. Optimized Synchronous SPWM Carrier Waveform Design Principles for Non-Equally
Spaced Carriers

This paper changes the isometric carrier waveform to a non-isometric carrier wave-
form. To give a clear explanation of the non-isometric carrier waveform, this paper details
two carriers with a two-fold width ratio relationship between them, as defined below:

Conventional synchronous SPWM has the width of each carrier equally spaced and
continuous within one fundamental period. The width of the carrier of the optimized
synchronous SPWM is non-equally spaced within one cycle.

The carrier waveform diagram for region I is shown in Figure 3. The optimal syn-
chronous SPWM is specified as having two carrier widths in one cycle with a width ratio of
two times while keeping the switching frequency constant. According to the design rules,
the carrier waveform can be designed under the 30° principle (60° to 90°) to obtain the
carrier waveform for the whole cycle.

60" 20
a B
<1

50" a0
| a
Ed I
| | | A SPWM | !7\
I
| oy

1
iz |

| Optimization
() of SPWM

Figure 3. Region 1 Carrier waveform diagram.

As shown in Figure 3, the half-wave widths of the two carriers are respectively « and .
The wide carrier is far away from base point 61 and occupies an angle of «/2 at 30°. The
carrier wave of another width is close to the base point 61 and occupies an angle of 3 at 30°
The angle between two adjacent red lines in the region I is 30°, and under the 30° principle,
the angle occupied by 30° is taken as 7. <y is expressed as

Y=5+8 1)

N R
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When the width ratio is defined as « rather than 8, K; and Kj represent the half wave
of two carrier widths, respectively and the number of o and {3 in the 30° range is:

@

Ki=n+1/2

K2 =m
where n and m are non-negative integers; when n = 0 and m = 1, the carrier waveforms
of different modulation strategies are shown in Figure 3. Of course, n and m cannot be
infinitely large under a low carrier ratio, and the range of values needs to be determined
according to the carrier ratio.

The conventional synchronous SPWM region I carrier waveform is shown as a: g = 1:1
in Figure 3a,b, and the others are optimized synchronous SPWM region I carrier waveforms.
Since the magnitude of each carrier width is distributed differently in the region I according
to the rule, this optimized synchronous SPWM can be divided into two cases.

The first case is shown in Figure 3c,d a: § = 1:2. The carrier width is not fixed in one
cycle, and to maintain symmetry, the region I boundary must be the midpoint of the carrier
ramp. The carrier waveform in the figure will make the middle of the region a wider carrier
and the two sides of the region a narrower carrier.

The second case is shown in Figure 3e,f a: § = 2:1. The carrier width is not fixed in one
cycle. To maintain symmetry, the region I boundary must be the midpoint of the carrier
ramp. The carrier waveform in the figure will make the middle of the region a narrower
carrier, and the two sides of the region a wider carrier.

3.2. Vwrap for Different Modulation Strategies

Different modulation strategies require consistent evaluation metrics to objectively
evaluate their performance. For traction inverters with equal output line voltage magni-
tude, the value of line voltage weighted total harmonic distortion rate (Vyryp) is usually
used as the inverter output waveform quality measure to compare the advantages and
disadvantages of different modulation strategies. The definition is as follows:

2
VWTHD:Vil Z(Vn) ~(n#1) 3)

n

where V1 and V,, are the effective values of the fundamental and sub-harmonic voltage
of the line voltage waveform, respectively; therefore, whichever modulation strategy
has a low line voltage weighted total harmonic distortion coefficient (Vwryp) displays
good performance.

From the definition of modulation strategies in the previous section, three variables
exist for performance comparison: carrier ratio (5 to 15), modulation index (0 to 1), and
width ratio (a: ). With constant carrier ratio and modulation index but different width
ratios, the line voltage weighted total harmonic distortion coefficients of the different
modulation strategies are compared by calculation. Figure 4 shows the harmonic content
of the conventional and optimized synchronous SPWM for different width ratios when
the carrier ratio N = 5, modulation index M = 0.8, K; = 0.5, and K5, = 1, where the width
ratio 1:1 is the conventional strategy.

The values of the total harmonic distortion rate of the line voltage with weighting
under respective carrier width ratios are represented by the square and circular symbols,
when n is a positive integer. As shown in Figure 4, by calculating the harmonic content at
different width ratios, it can be seen that the harmonic content in the optimized strategy
is lower than that in the conventional strategy, and the harmonic content is lowest when
the width ratio is 3:1. Therefore, it can be verified that the optimized strategy has better
inverter output performance with lower harmonic content for a specific width ratio.
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Figure 4. When N =5, M = 0.8 and K =0, Kp = 1, different modulation strategies Viyrpp.

To further demonstrate the superiority of the strategy proposed in this paper, the
conventional synchronous SPWM with a width ratio of 1:1 and the optimized synchronous
SPWM with a width ratio of 1:2 and a width ratio of 2:1 are compared, by varying the
modulation index and carrier ratio while keeping the width ratio constant. It is verified
that the proposed optimized strategy has good harmonic characteristics compared with the
conventional strategy over the whole modulation range.

In Figure 4, the switching angle sequence formed under different width ratios is
different. According to the switching angle sequence, the value of the voltage weighted
total harmonic distortion rate of the output line of the inverter is obtained by Fourier
transform. As can be seen from the figure, when the width ratio is 1:3, the optimal switching
sngle sequence is formed, resulting in the lowest harmonic content.

The traditional synchronous SPWM width ratio 1:1 is defined as 1-1, the optimized
synchronous SPWM width ratio 1:2 is defined as 1-2, and the width ratio 2:1 is defined
as 2-1. However, the width ratio 1-2 is a peak or valley point at 90°. The clamp-type and
the values of K; and K; will lead to different strategies. To distinguish strategies more
clearly, the following provisions are made:

1. Ineach cycle, the carrier wave at the 90° position is noted as H if it is a peak and L if
it is a trough.
2. Depending on the clamp type, 60° clamp, and 30° clamp are recorded as S and T.

For example, the width ratio 1:2 at 90° is the peak point, and the clamp type is
60° clamp, which is recorded as HS;»; the same for other strategies. Table 1 shows all
modulation strategies with different carrier ratios and width ratios 1-1, 1-2, and 2-1.

Table 1. All modulation strategies with width ratios of 1-1, 1-2, and 2-1 under different carrier ratios.

N Ki, K> Modulation Strategy
5 K;=05,Ky =1 LTy, LT, LTy 4
7 Ky =05, Ky =1 HS, ,, HS; », HS, ;
9 K1=05Ky=1 Hi1, L1, LS9, HT1q, Hip, Lo, LSy, HT12, Ho g, Loy, LSy, HTo
" K;=05,Ky =2 LSy, HTy_1, LTy1, LS9, HTy o, LTy 5, LSy 1, HT, 4, LT, 4
Ky =15 Ky =1 LSy, HTy o, LTy o, LSy 1, HT, 1, LTy 4
" K;=05,Ky =2 HS; 1, HS; 5, HS, ;
K =15Ky =1 HS; », HS, 4
15 K1=05Ky =2 Hiq,Liq, Hio, oo, Hog, Ly
Ki=15Ky=1 Hio, L12, Hoq, Loy

The characteristic curve of Vyyrgp when N =5 is shown in Figure 5. When 0 <M <1,
the chosen modulation strategy is K; = 0.5, K =1 (LTp3).



World Electr. Veh. ]. 2023, 14, 157

7 of 16

= K=05K,=1LS,,

0.14 F e K=05K=1LS,,
—4—K=05K,=1 LS, ,

0.4 0.5 0.6 0.7 0.8 0.9 1.0

Modulation index

Figure 5. Vyyryp corresponding to N = 5.

The characteristic curve of Viyryp when N =7 is shown in Figure 6. When 0 < M < (.55,
the chosen modulation strategy is K; = 0.5, K =1 (HSp-1). When 0.55 < M < 0.82, the chosen
modulation strategy is K1 = 0.5, K; =1 (HS;-1).When 0.82 < M < 1, the modulation strategy
selected is K1 = 0.5, K =1 (HS;p).

0.16

—8—K,=0.5K,=1 HS,
—e—K,=0.5K,=1 HS, ,|
—4—K,=0.5K,=1 HS,

0.02 L L L L L
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Modulation index

Figure 6. Vyyryp corresponding to N =7.

The characteristic curve of Viyryp when N =9 is shown in Figure 7. When 0 <M < 0.7,
the chosen modulation strategy is K; = 0.5, Kp =1 (Lj_1). When 0.7 < M < 1, the modulation
strategy selected is K1 = 0.5, Ky =1 (Hj_). When the width ratio of the two carriers is fixed,
the output harmonic content of the inverter can be changed by changing the modulation
index. Normally, the output harmonic content of the inverter decreases with the increase
of the modulation index. However, this relationship is not necessarily the case in some
modulation index ranges, because the output harmonic content of the inverter is calculated
by the value of the line voltage-weighted total harmonic distortion. Therefore, the green
line in Figure 7 shows an upward trend at the modulation index of 0.65 to 0.75.

The characteristic curve of Viyryp when N =11 is shown in Figure 8. When 0 <M < 0.9,
the chosen modulation strategy is K; = 0.5, K, =2 (HT5_1). When 0.9 <M < 1, the modulation
strategy selected is Ky = 0.5, Ky = 2 (LT1-p).

The characteristic curve of Vyyrgp when N = 13 is shown in Figure 9. When 0 < M < 0.85,
the chosen modulation strategy is K1 = 0.5, K =2 (HSp_1). When 0.85 < M < 1, the modulation
strategy selected is K; = 0.5, K» =2 (HS;).

The characteristic curve of Vyyrgp when N =15 is shown in Figure 10. When 0 <M < 0.65,
the chosen modulation strategy is K; = 0.5, K =2 (L1_1). When 0.65 < M < 1, the modulation
strategy selected is K = 0.5, K; =2 (L1).
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Figure 7. Vyyrgp corresponding to N = 9.
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Figure 8. Vyyryp corresponding to N = 11.
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Figure 9. Vyyryp corresponding to N = 13.
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Figure 10. Vyypp corresponding to N = 15.

3.3. Multi-Mode Segmented Synchronous Modulation Strategy

In Figure 11, a plot of the inverter switching frequency variation with fundamental
frequency versus modulation index is shown, displaying the effect of multi-mode seg-
mented synchronous modulation. In Figure 11, the modulation index at the low switching
frequency is proportional to the fundamental frequency. When the fundamental frequency
is low, the effect of waveform asymmetry is less, so asynchronous modulation is used.
With the increase of fundamental frequency, the carrier ratio decreases gradually, and the
influence of waveform asymmetry is serious. In this case, synchronous modulation is used.

Modulation index
0 0.125 025 0375 0.5 0.625 0.75 0.875 1

—— LA -
\sy lu]lmn/n ly Il &+ \»\Irﬁm sl 1

200 —+N<-u]~+\-v-n—u-m7(| /——}7—{—:—,‘«|ﬁrw:}»yﬂ-? ————————
|// 'l;r T

Switch frequency/Hz

AN

|
|
I |
| I |
0 6.25 125 1875 25 3125 375 4375 50

Fundamental frequency/Hz

Figure 11. Variation curve of inverter switching frequency with fundamental frequency and
modulation index.

The optimal modulation strategy is selected according to the correspondence between
the output fundamental frequency of the inverter and the modulation index. The optimal
modulation strategy is selected for multi-mode modulation by comparing Vyryp in the
whole modulation range according to the comparison principle in Section 3.2. Table 2
shows the optimal modulation strategy patterns under different carrier ratios.

As shown in Figure 11, when the modulation range is 0.64t00.9 and N = 7, the optimal
modulation strategy is divided into two types. One is the conventional synchronous SPWM
with a modulation range of 0.64 to 0.85, and the other is the optimized synchronous SPWM
with a modulation range of 0.85 to 0.9. In the modulation range of 0.85 to 0.9, the two
strategies do not differ much. To avoid too many switching times at the same carrier
ratio, the conventional synchronous SPWM is used when N = 7. The optimal modulation
strategies in Table 2 can be used for multi-mode modulation strategies.
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Table 2. Optimal modulation strategy under different carrier ratios.

N Ki, K> Optimal Modulation Strategy
5 Ki1=05Ky=1 LT,

7 Ki1=05K;=1 HS14

9 K1 =05K; =1 L1

11 Ki1=05Ky=2 HTy4

13 K1 =05K; =2 HSy 4

15 K1 =05Ky=2 L1

4. Experimental Results and Analysis

In this paper, to verify the superiority of the proposed optimized synchronous SPWM
based on non-equally spaced carriers compared with the conventional synchronous SPWM
and the feasibility of the improved hybrid multi-mode synchronous modulation strategy,
the OP5700, a rapid prototyping system from Opal Real-time Technologies LTD., Canada
is used as the control circuit. An experiment is conducted using a two-level inverter with
three imperix PEB8024 half-bridge modules, manufactured in Switzerland, connected in
parallel. The experimental system is shown in Figure 12.

-
{ Resistance
¢t Inductance

Figure 12. Experimental platform.

With the above experimental system, the conventional synchronous SPWM in different
carrier ratios is experimentally compared with the optimized synchronous SPWM with
non-equally spaced carriers proposed in this paper. The experimental system parameters
are shown in Table 3.

Table 3. Parameters of the system.

Parameter Values Unit
DC-side capacitance/C 780 uF
DC-link voltage/V 4. 150 A%
Load resistance/R 10 (@)

Load inductance/L 20 mH
Fundamental frequency/f 50 Hz
Dead-time/t 600 ns

ns is the unit of time.

When the carrier ratio N = 7 and the modulation index M = 0.8, the harmonic content of
the conventional synchronous modulation strategy is lower compared with the optimized
synchronous SPWM with non-equally spaced carriers. Therefore, when the carrier ratio
N =7 and the modulation index M = 0.8, the conventional synchronous modulation strategy
is better, so the comparison is not performed in the experiment.
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Since the inverter output current is related to the system losses and other factors,
the total harmonic distortion rate of current (Iyp) is used as the evaluation index for
evaluating the PWM output waveform in the data processing:

Itp = 117 Y (In)?...(n>1) (4)

where [ and I, are the RMS values of the fundamental and sub-harmonic currents of the
current waveform, respectively. Voltage and current signals are collected by the voltage
and current probe and displayed on the oscilloscope, and then stored in the oscilloscope
and input to the upper computer through the u disk. The sampled signal is processed by
sampling and filtering circuits. Yokogawa brand voltage and current probe and oscilloscope
are used in the experiment.

In Figures 13-17, the waveforms of the inverter AB-phase output line voltage (V ap)
and A-phase phase current (i4) are compared for different carrier ratios (5, 9, 11, 13, 15)
and modulation index M = 0.8 under the optimal strategy in the conventional synchronous
SPWM and the optimal strategy in the optimized synchronous SPWM.

Vw[50V/div]
Vis[SOV/div]

3
s
73

Ly =1433% Ly =12.10%

—
5

—

s

n

135 7 9 111315 17 19
Harmonic count

<

[ I . |
17737577 9 11 1315 17 19

Harmonic count

¢ [10ms/div] ¢ [10ms/div]
(a) (b)

Figure 13. Line voltage waveform and phase current waveform at carrier wave ratio 5: (a) traditional
synchronous SPWM (LS,_); (b) optimized synchronous SPWM (LT,_;).
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Figure 14. Line voltage waveform and phase current waveform at carrier wave ratio 9: (a) traditional
synchronous SPWM (Lj_1); (b) optimized synchronous SPWM (H;_p).
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Figure 15. Line voltage waveform and phase current waveform at carrier wave ratio 11: (a) traditional
synchronous SPWM (HT1_;); (b) optimized synchronous SPWM (HT,_;).
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Figure 16. Line voltage waveform and phase current waveform at carrier wave ratio 13: (a) traditional
synchronous SPWM (HS;_1); (b) optimized synchronous SPWM (HS,_;).
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Figure 17. Line voltage waveform and phase current waveform at carrier wave ratio 15: (a) traditional
synchronous SPWM (L1_;); (b) optimized synchronous SPWM (L1_p).

As shown in Figure 13, when the modulation index is M = 0.8, the traditional syn-
chronous SPWM (LS;_1) Itgp = 14.33%, and the optimized synchronous SPWM (LT,1)
Ityp = 12.10% with K1 = 0.5 and K; = 1.
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As shown in Figure 14, when the modulation index is M = 0.8, the traditional syn-
chronous SPWM (L1_1) Itgp = 10.08%, and the optimized synchronous SPWM (H;_,)
Itap = 9.92% with K1 =0.5 and K, = 1.

As shown in Figure 15, when the modulation index is M = 0.8, the traditional syn-
chronous SPWM (HT1_;) Itgp = 8.40%, and the optimized synchronous SPWM (HT,_)
Ityp = 8.22% with K1 = 0.5 and K, = 2.

As shown in Figure 16, when the modulation index is M = 0.8, the traditional syn-
chronous SPWM (HS1_1) Itap = 9.05%, and the optimized synchronous SPWM (HS,_)
ItHp = 8.62% with K1 = 0.5 and K, = 2.

As shown in Figure 17, when the modulation index is M = 0.8, the traditional
synchronous SPWM (L1_1) Itup = 6.25%, and the optimized synchronous SPWM (L;_p)
ITHD = 6.19% with Kl =0.5and K2 =2.

In this study, we use M = 0.8 for experimental verification. When M = 0.8, the proposed
optimization strategy with different carrier ratios does not necessarily have a significantly
better harmonic suppression effect than the corresponding traditional strategy; in some
cases, the optimization strategy may only be slightly better. This is because the proposed
optimization strategy will be optimal compared to the traditional strategy at different M
values for various carrier ratios. Using N = 5 as an example, the lower the M, the better the
harmonic suppression effect of the optimization strategy.

Additionally, as the carrier ratio decreases, the fewer pulses there are in the funda-
mental cycle and the greater the difference between the switching sequences formed by
the proposed optimized strategy and those formed by the conventional strategy. The
experimental results for the carrier ratio of 5 demonstrate that the optimized strategy has a
significant harmonic suppression effect compared to the conventional strategy.

Conversely, as the number of pulses in the fundamental cycle increases with the carrier
ratio, the difference between the switching sequences formed by the proposed optimized
strategy and those formed by the conventional strategy becomes less significant. This
results in the optimized strategy having a harmonic suppression effect compared to the
conventional strategy, but it is not substantial. The purpose of using M = 0.8 for comparison
is to facilitate the execution of the experiment.

The experiments indicate that when the modulation index M = 0.8, the total harmonic
distortion rate of the inverter output current under the effect of the optimization strategy
proposed in this paper is lower than that of the conventional strategy, and the quality of the
inverter output waveform is better, verifying the superiority of the optimization strategy.

As shown in Figure 18, to achieve smooth switching and avoid current inrush prob-
lems, it is necessary to ensure that under different carrier ratios, the six power devices of
the three phases before and after switching have no simultaneous switching action, and the
power devices of each phase cannot be turned on and off at the same time. Phase A, phase
B, and phase C switching points are staggered by 27t/3 for switching.

The switching points selected in this paper are all chosen near the peak and valley
points of the carrier at the switching frequency. As shown in Figure 18, switching at the peak
and valley points of the carrier can effectively eliminate current spikes and significantly
decrease voltage harmonic content across the entire speed range, thus enhancing the output
voltage quality of the inverter.

Compared to traditional SPWM, this optimization approach improves the waveform
quality of the inverter output, increases torque accuracy, and decreases motor losses,
thereby enhancing the operating efficiency of the traction drive system. Additionally,
the high-quality inverter output waveform improves torque accuracy, thereby boosting
system performance.
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Figure 18. Smooth switching between adjacent different carrier ratios: (a) carrier ratio 15 to 13;
(b) carrier ratio 13 to 11; (c) carrier ratio 11 to 9; (d) carrier ratio 9 to 7; (e) carrier ratio 7 to 5.

5. Conclusions

Employing a modified version of SPWM for the control of inverters reduces the
harmonic content of the generated waveforms. Comparing the improved strategy with the
traditional strategy, it can be seen that the optimized strategy can produce better inverter
output waveform quality in a specific modulation index range. It is capable of operating at
very low switching frequencies. This reduces the switching loss of the inverter.

In addition, a multi-mode segmented synchronous modulation strategy is proposed
to reduce the voltage harmonics of each frequency band in the whole velocity domain by
appropriate switching points. This improves the inverter output voltage quality.

The effectiveness of the proposed optimized synchronous SPWM based on non-
equidistant carriers is verified by experiments. The stability of the traction transmission
system is improved by adopting multi-mode segmented synchronous modulation based
on an optimization strategy. The optimization strategy, based on non-equidistant carriers,
is an effective solution to improve the performance of traction inverters.

Limitations of optimization strategy: in this paper, a non-equally spaced carrier is
used to reduce Viyryp. However, in practical application, the design of non-equally spaced
carriers is more complex than that of traditional equally spaced carriers.

In this paper, the improved modulation strategy is verified by a resistive load experi-
ment. Future research will proceed with the following goals:

1.  Applying the strategy to the closed-loop control of the motor system.
2. Combining the modulation algorithm and advanced control strategy proposed in
this paper.
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