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Abstract

The synchronous Pulse-Width Modulation (PWM) is quite complex for three-level
neutral point-clamped (NPC) inverter. A simple central 60° synchronous modulation
method is presented in this paper for three-level NPC inverter used in the multi-mode
PWM strategy. For the fundamental voltage command, the switching angle could be
real-time calculated based on this modulation method with different carrier frequency
ratios. The switching strategy between these modes is discussed for multi-mode PWM.
According to this method, a simulation model of the drive system with three-level inverter
and induction motor is built. The simulation results at asynchronous modulation, central
60° synchronous modulation and square wave area, show that the output voltage values
can meet the requirements with a good symmetry even in the case of low carrier
frequency ratio. The smooth switching among different modes is also accomplished with
low impulse current.

Keywords: AC drive; neutral-point clamped three-level inverter; multi-mode PWM;
synchronous modulation; central 60° modulation;

1. Introduction

The diode-clamped three-level inverters have certain advantages over conventional
two-level inverters [1]. Each switching device of the three-level inverters withstands half of
the DC link voltage, which can reduce the breakdown voltage of the devices. On the other
hand, the output phase voltage has three levels, which improves current total harmonic
distortion (THD) compared to a two-level inverter. Because of these features, three-level
inverters have been widely used recently [2].

To use the asynchronous modulation in the whole range of speed will make the control
strategy to be easier and liable to be realized for the high-power AC traction drive system.
When the high-speed train is in the traction mode and the speed is rising up to the range of
high speed, the frequency of the induction motor will increase to one or two hundred Hertz.
While the carrier frequency of the asynchronous modulation is maintained constant at the
same time, which will cause the carrier-to-modulating frequency ratio to go down. This
gives rise to the impact of output waveform without asymmetry, and the harmonic effect
tends to be worse [3-5]. On the other hand, the sampling number will go down, as the
regular-sampled asynchronous modulation frequency ratio decreases. This will cause the
amplitude of output fundamental voltage to be lower than the modulating wave. If the
asynchronous modulation continues to be used in this case, the sampling frequency should
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be increased. This will cause large switching losses and also go against energy saving for
high-power three-level inverter [6-8].

In order to reduce the switching losses and save energy, the multi-mode PWM is widely
used presently, which can also reduce the lower order harmonics. The multi-mode PWM
uses asynchronous mode at low fundamental frequency, synchronous mode at middle
fundamental frequency, and square wave mode near the base frequency switching. The
switching frequency can be set under one thousand Hertz when the asynchronous is used
only in the low speed range. As the speed increases, transition occurs to the synchronous
modulation. Generally, the highest switching frequency of the high-power three-level
inverters is limited to hundreds of Hertz in high-speed train. In addition to this, the
three-level inverters need to be operated in square-wave mode when the fundamental
frequency reaches the base frequency of the traction motor, where the maximum voltage
will be obtained.

In the synchronous modulation mode stage, the output fundamental voltage of the
inverters controlled by the conventional regular-sampled PWM can’t reach the voltage
command, which makes it difficult to transform the modulation mode to square wave [9].
Hence, several synchronous optimal PWM strategies are developed, such as selected
harmonic elimination PWM (SHEPWM) [10-14], minimum ripple current PWM [15], and
so on. However, for all these synchronous optimal PWM, the switching angles are often
calculated offline and determined using values stored in look-up tables [16]. An
approximate method has been proposed in paper [17, 18], and the offline switching angles
can be approximated using regular-sampled techniques. This method has advantages over
other switching techniques, but it is only suitable to apply this method in a certain range of
the fundamental frequency. A stator current trajectory tracking approach has been
proposed in paper [19, 20]. With this method the offline switching angles can be used
during a dynamic process. On the other hand, it requires a fast identification of the
inductance parameters of the drive motor. A modified method, stator flux trajectory
tracking control, which can avoid such complication, is then presented in paper [21-23].
But both the two methods are difficult to be implemented.

This paper applies central 60° synchronous modulation in three-level inverters, which
has been proposed and well applied in two-level inverters. The switching angles can be
calculated online and the output voltage values can meet the requirements with a good
symmetry even in the case of low carrier frequency ratio. And, it is easy to transform the
modulation mode to square wave.

2. Central 60° Synchronous Modulation for Three-level Inverters

2.1. Multi-mode PWM for Three-level Inverters

Figure 1 shows the circuit diagram of a three-level neutral point-clamped (NPC)
inverter. The DC source of voltage Uy is divided equally by two DC-link capacitors. The
output phase voltage of inverter can obtain three levels +ugy/2, 0, or —ugy/2.

Figure 2 shows the multi-mode modulation PWM strategy, which is often applied in
high-power inverters. As indicated in the Figure 2, in the asynchronous modulation region,
the carrier frequency f. is maintained constant and the ratio N is relatively high, where
N=f/f,, fs is the modulating frequency. Thus, positive and negative half-wave asymmetry
caused by the asynchronous modulation is small, and the lower order harmonics introduced
can also be ignored. In the synchronous modulation region, the ratio N remains constant.
And near the base frequency of the traction motor, the three-level inverter needs to be
operated in square-wave mode. The method of carrier disposition PWM [24] is widely used
in the asynchronous modulation of three-level inverters; on the other hand, the
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accomplishment of square-wave is simple. Thus, the middle frequency of multi-mode
PWM should be focused on.
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Figure 1. Three-level NPC Inverter Topology
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Figure 2. Transition Strategy of Multi-mode Modulation

2.2. The Regular-sampled PWM at Low Carrier Frequency Ratio

In the synchronous modulation stage, for the three-level inverter, the conventional
regular-sampled PWM can’t be used, otherwise the number of sampling points will reduce
as the ratio N goes down, which will lead to the situation that output fundamental voltage
can’t reach the voltage command when the carrier frequency ratio N is 7,5,etc. And Figure
3 shows the output PWM pulse is obtained by regular-sampled PWM.

Figure 3(a) shows that the modulating wave is sampled at each peak of the carrier wave.
Figure 3(b) shows that the sampled modulating wave is compared to the carrier wave. The
PWM pulse pattern is obtained by the comparison between the two waves, as shown in
Figure 3(c).

Assuming that the command amplitude U;; of modulating wave in one cycle remains
constant and the fundamental frequency is w; in rad/s (same as the modulating frequency
fs), the modulating wave can be given as

u(t)=Usin(at) 1)

Then, the sampled modulating amplitude will be Uys*sin(w/5) in the first carrier cycle.
Assuming that the amplitude of the carrier wave is Uy/2, the angles 6; and &, corresponding
to the on-off action in Figure 3(b) can be calculated as

g - Uysin(z/5) =

T u,/2 5 )
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_Uysin(z/5) #
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The angles #;and 6, in Figure 3(b) can also be calculated in the same way as

U, Sin(37z'/5) T N 27

=702 55 (4)

4z Uysin(3z/5)

Q9 =—_"v- 7T 7.2
‘5 U, /2 5 ©)

Thus, the Fourier series of the wave u, in Figure 3(c) can be given as

U, ()= [b,sin(nayt)] (6)

D, =2 J; 0, Osin(aitd () @)

where b, is n™ harmonic amplitude and b, is fundamental amplitude.
Based on the above equations, the fundamental amplitude b; can be written from
Equation (2) - (7) as

D —sun(wlt)d(a)lt)+j Z4sin(wt)d (at) + j —sm(a)lt)d(a)lt)}
(8

U [1—cos 6, +cos b, —cos b, +cos b, — cos(gﬂﬂ

—d
V4

Assuming that modulating depth m is Us/(U4/2) and the output fundamental voltage us
is by, then the voltage uys can be written as

(e

in
T

—C0s 6, +cosé, —cosd, +cosb, — COS(%”H

1
{1 cos m —sm ZDNOS(%—m%sin(%)]—cos[%Jrm ESIH(‘?S D*‘ 9
ol ()

Assuming that Ugs is the output fundamental voltage of per unit, and Ugs IS Us/U1s, then
Us can be written as

Figure 4 shows the variation of output fundamental voltage Ujs with a variation of
modulating depth m.
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Figure 3. Regular-sampled PWM for N=5

As shown in Figure 4, when the carrier frequency ratio N is 5, the output fundamental
voltage cannot reach the command voltage. In the same way, when the carrier frequency
ratio N is 7 and 3, the regular-sampled PWM cannot be used, or it will make it difficult to
transform the modulation mode to square wave.

On the other hand, for the three-phase system, it may show asymmetry when the carrier
frequency ratio N is 7 or 5, which are not multiple of 3.

In this paper, a central 60°synchronous modulation is used in the stage of synchronous
modulation. And with this method, the output waveform can be obtained by calculating
switching angles directly based on the command values rather than sampling method.
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Figure 4. Variation of Output Fundamental Voltage u;s* with Varying
Modulating depth m

2.3. Principles of Central 60° Synchronous Modulation and the Calculations of
Switching Angles

In central 60° synchronous modulation mode, the carrier frequency ratio N could be 7, 5,
and 3. In this paper, the case of N=5 will be focused on, principle and accomplishment of

which will be specifically analyzed. For N=7 and 3, the output waveforms and calculations
of switching angles will be described briefly.
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2.3.1. Central 60° Synchronous Modulation for N=5: In Figure 1, only consider the
operation of phase A. Figure 5 shows phase voltage us, waveform of central 60°
synchronous modulation for N=5 and the corresponding switching waves, where T;is a
period of modulating wave and T is a period of carrier wave.

The output waveform with central 60° synchronous modulation can be obtained by
comparing the special carrier wave and the modulating wave, as shown in Figure 5. And the
method of comparison is similar to regular-sampled PWM. The switching angles f; and f,
only distributed in the central 60° of half-cycle of the modulating wave in Figure 5. If
analog control is used in the system, the output PWM pulses can be correctly obtained by
natural-sampled based on the comparison method above. However, digital control is often
used in practically for the high-power three-level inverter and the natural-sampled PWM is
no longer applicable.

As shown in Figure 5, the special carrier wave and the modulating wave are all
symmetrical about 7/2, so the switching angles f; and S, are symmetrical about /2 and they
are equal to be f here. The output waveforms ua, of central 60° synchronous modulation
has features of half-wave odd symmetry and quarter-wave symmetry. Assuming that S is
symmetrical about central line of the corresponding carrier wave. Thus, the Fourier series
of the wave ua, can be given as

Upo = 2 [by sin(net)] (11)
4.2 .
b, =— [ 2 s (D sin(neyt)d (1) (12)
A Ts >
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Figure 5. Phase Voltage Wave of Central 60° Synchronous Modulation and
the Corresponding Switching Waves
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Based on the assumption above, the equation of fundamental amplitude can be written
from Equation (11-12) as

sz_p
b = %[folz ’ U%Sin(@t)d(wﬂ) +

|2 % ,gU?dsin(wlt)d(a)lt)} (13)
_ { 2ol ﬁ}
T

Assuming that the fundamental command is Uy,  can be expanded as
s 12U, )

( D o

Then the output waveform ua, in the whole cycle can be determined by the obtained
switching angle .

p= 2arcsm(

2.3.2. Central 60° Synchronous Modulation for N=7: In Figure 1, only consider the
operation of phase A. Figure 6 shows phase voltage u,, waveform of central 60°
synchronous modulation for N=7.
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Figure 6. Central 60° Synchronous Modulation for N=7

Note that in Figure 6, f1, f,and /5 are switching angles in half-cycle of the modulating
wave. Assuming that £,=p,=ps, in order to simplify the calculation, and each of them are
symmetrical about the central line of their corresponding carrier wave, the Fourier series of
the wave upa, can be given as

b, = i[ [ 157295 sin(at)d () +
|0 2

z B

J‘ﬁ;ﬁ,%sin(wlt)d(wlt)}

18 2

_ Y, 1—(25in7—”+ljsin£
T 18 2

2U (1 28794sm§j

T

(15)

Assuming that the fundamental command is Uy, # can be expanded as
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_”Uls /(2Ud)

p= 2ar<:sin(1 )

2.8794 (16)

3. Accomplishment of Central 60° Synchronous Modulation for
Three-level Inverters

Only consider N=5 for central 60° synchronous modulation, switching angle $ can be
calculated based on Equation (14) for the specific fundamental amplitude Uy;. As indicated
in Figure 5, when the switching angle £ is calculated at the starting point of each
modulating cycle, the output voltage of the whole cycle for phase A can be determined. The
output phase voltage ua, Will be like the pattern shown in Figure 5.

As shown in Figure 5, based on the switching angle g, the expected amplitude of output
waveform up, at each phase position can be determined. As indicated in Figure 3, only
consider quarter-cycle of the output waveform, switching angle is symmetrical about
5n/12. Then, using the carrier phase as reference, the expected amplitude of output
waveform ua, is Ug/2 when the modulating phase is greater than or equal to 0 and less than
5n/12-f/2, and it’s 0 when the modulating phase is greater than or equal to 57/12-4/2 and
less than 57/12+f/2. When the modulating phase is greater than or equal to 57/12+4/2 and
less than 7/2, it will be Uy/2 again. The expected amplitude of the rest three-quarter-cycle of
output waveform u,, can be written in the same way.

When realizing the output of ua,, the actual modulating phase ¢ should be compared
with phase of the switching on-off point, such as 5n/12-4/2, 5n/12+/2, and so on, where ¢
can be calculated as p=)2xf:dt. And the specific details of comparison method, for the
quarter-cycle of output waveform ua, is shown in Figure 7, the chat is flow of obtaining
output phase voltage ua, waveform.

As shown in Figure 7, the output phase voltage ua, of each entire cycle can be obtained
by the calculation of switching angle 4. Then, based on the relationship between phase A,
phase B, and phase C, the output voltage of phase B ug, and phase C uc, can be deduced.
Figure 8 shows output voltage of three phases in one cycle.

Figure 8 shows that the determined three-phase voltage for inverter in one cycle.
According to the principle of three-level inverters operation, only consider the operation of
the bridge of phase A, current will be carried by devices Qi; and Q;, When up, is Ug/2, by
devices Qy,and Qi3 when ux, is 0 and which clamp the output potential to the neutral point
with the help of clamping diodes, and by devices Qizand Qi When U, is -Ugy/2. Therefore,
the corresponding switching waveform of each device can be determined, as indicated in
Figure 5, and they can also be determined for the bridge of phase B and C in the same way.
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As indicated in Figure 8, only consider first half-cycle of the modulating wave, there are
15 switching states. Table 1 gives the summary of the switching states. Among them, state
1, 3, and 5 correspond to the circuit in Figure 9(a), and phase A and B are connected to the
positive bus and phase C is connected to the negative bus. State 2 and 4 correspond to
circuit in Figure 9(b), and phase A and B are connected to the positive bus and phase A is
clamped to the neutral point. State 6, 8, and 10 correspond to the circuit in Figure 9(c), state
7 and 9 correspond to the circuit in Figure 9(d), state 11, 13, and 15 correspond to the circuit
in Figure 9(e), and state 12 and 14 correspond to the circuit in Figure 9(f) .

Table 1. Summary of Inverter Switching States

State On devices State On devices State On devices
1 Q11 Q120Q210Q220Q33Q34 6 Qi1 Q120230Q24Q330Q3s 11 Q11 Q12Q230Q24Q31Q32
2 Q11 Q1202102032033 7 Q12 Q13Q021020Q33Q34 12 Q11 Q12Q2,Q23Q31Q32
3 Q11 Q12Q210Q22Q33Q34 8 Q11 Q10Q23Q24Q330Q34 13 Q11 Q120Q23Q24Q31Q3,
4 Q11 Q120Q21Q22 Q32Q33 9 Q12 Q13Q2102033Q34 14 Q11 Q120Q220Q23Q31Q3.
S Q11 Q12Q210200Q33Q3s 10 Q11 Q120Q23Q24Q33Q34 15 Q11 Q120Q23Q24Q31Q32
Qllﬁ Qzﬁ
[ Qn Q2 zg}
=u, A B 3':/1 —u,
C
Q23 Q33
(b)
] Qll Q31 Qll QSl

Q23 Q23

Figure 9. Switching States of Central 60° Synchronous Modulation for N=5

4. Performance Evaluation by Simulation

A drive system with three-level inverter and induction motor is simulated by
Matlab/Simulink in this paper, where the rated power of motor is 365kW, rated voltage is
2000V, rated frequency is 140Hz, and the DC-link voltage is 3000V. The modulation
modes used in the simulation are asynchronous modulation, then central 60° synchronous
modulation for N=5, followed by central 60° synchronous modulation for N=3, then
square-wave. The carrier frequency of asynchronous modulation is 1000Hz. The
modulation mode will switching from asynchronous modulation to central 60°
synchronous modulation for N=5 when the modulating frequency is 58Hz, switching to
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central 60° synchronous modulation for N=3 when the modulating frequency is 90Hz, and
switching to square-wave when the modulating frequency is 140Hz, as shown in Figure 2.

Figure 10 shows the switching angles for different modulation modes. Note that the
fundamental voltage command increases as the modulating frequency rises up in the region
below the base frequency, remains the maximum voltage in the region above the base
frequency, the switching angles need to be calculated and the values will decrease as the
modulating frequency rises up in the region of central 60° synchronous modulation, and the
switching angle is 0 when the inverter operates in square-wave mode.

g o Synchronous Fundamental voltage -
Y for N=5

ENCER

5 ynchronous

5.0 Asynchronous for N=3

g

o

Fundam ental voltage U1s (pu)

Switching angles

Square wave
. ,

% 5 i E I s R
Fundamental frequency(HZ)

Figure 10. Switching Angles for Different Modulation Modes

Figure 11 shows the simulation results of switching between different modulation
modes, line voltage and current, in this order, are shown. The results indicate that smooth
switching with low impulse current among different modes is accomplished by using the
above switching strategy. And the output waveform can smoothly switching from central
60° synchronous modulation for N=3 to square wave, as shown in Figure 10 and 11(c).

Figure 12 shows the spectrum analysis of central 60° synchronous modulation. The
results indicate that the even order and multiple of 3 order harmonics are eliminated by
using central 60° synchronous modulation. And the simulation results are consistent with
the theoretical analysis.

Synchronous

Asynchronous for N=5

(A)eberOA

(W)hwaund

Tior;"le(s) i

(a) Switching from Asynchronous Modulation to Central 60° Synchronous
Modulation for N=5
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Figure 12. Spectrum Snalysis of Central 60° Synchronous Modulation

Assuming that regular-sampled PWM and central 60° synchronous modulation for N=5
are respectively used in the modulation frequency region ranging from 80Hz to 90Hz,
Figure 13 shows the corresponding curves of the phase voltage harmonics and Figure 14
shows the fundamental output voltage under the two modulation modes. Figure 13
indicates that the even order and the multiple of 3 order harmonics are eliminated under
the central 60°synchronous modulation. Compared with the regular-sampled PWM, the
output waveform under the central 60°synchronous modulation has a better symmetry
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between the three phase of the motor. Figure 14 indicates that the output fundamental
voltage under regular-sampled modulation cannot reach the command voltage gradually
as the modulating frequency rises.
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Figure 13. Output Phase Voltage Harmonics under Different Modulation
Modes
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Figure 14. Output Fundamental Voltage under Different Modulation Modes
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5. Conclusions

The multi-mode PWM for diode clamped three-level inverters are researched in this
paper, especially the central 60° synchronous modulation is analyzed in detail. The output
waveform of the central 60° synchronous modulation has a good symmetry and the even
order harmonic is eliminated. The multiple of 3 order harmonics are eliminated even when
the carrier frequency is not multiple of 3. And, the switching angle is calculated online,
which can improve the dynamic performance of the system. The smooth switching among
different modes with low impulse current is also accomplished, which can improve the
reliability of the system.
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