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Abstract. To reduce the complex calculation of three-level spatial vector mod-
ulation (SVPWM) in practical applications, improve the compensation perfor-
mance of active filters (AF), and combine with the same-phase carrier modulation
strategy, a predictive current control strategy based on the same-phase carrier is
proposed. The strategy outputs a small voltage harmonic component and reduces
the computational complexity of the modulation strategy. The effectiveness of the
modulation strategy proposed in this paper is verified by simulation experiments.
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1 Introduction

Multilevel converter technology reduces voltage stress in the main power device and has
less harmonic content in the output voltage by using a mature low-voltage device stacking
combination to become a high-voltage converter [1-4]. Because of these characteristics,
three-level AF are widely used [3, 5-9].

Three-level four-leg (TF) is one of the common active filter structures, and its modu-
lation strategy has been widely concerned. Common modulation methods include phase-
shifted carrier PWM method (PS-PWM), voltage space vector modulation (SVPWM)
method, and phase disposition PWM method (PD-PWM).

Because the phase-shifted carrier PWM method has the same reference voltage and
carrier frequency, the output energy and switching losses distribution of each unit is
more even, which is beneficial to device selection and thermal design. Because of its
simple realization and the advantages of power balance between units, it has been widely
used in industry [8, 10, 11]. SVPWM strategy needs to be located in a specific triangle
in voltage vector space before selecting spatial vector synthesis. This method has many
voltage redundancy vectors, complex calculation and selection, and does not take into
account the power balance distribution between the units when selecting spatial vectors.
phase disposition PWM method has a better harmonic output effect than carrier shift
phase modulation, but its carrier is distributed vertically, resulting in uneven power
between units, which makes it rarely used in practice [5].
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There are eight switch tubes in the TF active filter, which makes the carrier and
modulation wave of three-level modulation technology more than two levels, more than
one. And each carrier and modulation wave have multiple degrees of control, including
frequencies, modulation amplitude values, modulation waves and carrier offsets. The
different combinations of degrees of freedom have produced a variety of carrier PWM
technology and based on the in-phase carrier modulation technology developed at two
levels, a in-phase carrier prediction current control strategy for TF AF is proposed. The
strategy is easy to implement, has a clear physical meaning, greatly reduces computing
time, and better adapts to the rapid response requirements of harmonic compensation.

2 Carrier Modulation Strategy for Three-Level Four-Leg Active
Filter

2.1 Basic Principles of Three-Level Four-Leg Active Filter
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Fig. 1. Three levels Four-leg topology
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In the above figure, the midline connecting inductor is selected to be consistent
with the three-phase connecting inductor, and L is the connecting inductor, where the
internal resistance of the inductor is ignored. iy, isp, isc, isp represent grid-side current.
i1a> Ub» i, 11p represent nonlinear load current ( including midline current), which can
be decomposed into fundamental component i iz, i, if, if, and harmonic component
ihas ihbs Thes Thns Ula = lfg + ipaiy = i + ipplle = ife + ipclin = ifn + ipn. The
compensation current generated by APF is expressed as icq, icp, icc and ic,. The PWM
inverter is controlled to make the following:

fcq = _iha
l:cb = _l:hh )
lec = —lhe
icn = _ihn

So

Isq = ijg +lcq = l..fa
o= intia =i o
Isc = Uc +lec = I
Isn = ijp +icn = ifn

The above is the basic principle of parallel APF.

2.2 Carrier Lamination PWM Method

Carrier Lamination PWM control technology is directly developed from the two-level
SPWM, usually, for N-level carrier modulation, the need for (N-1) amplitude and fre-
quency of the same triangular carrier, two sets of carriers distributed in the positive and
negative half-week, divided into two layers of upper and lower cascades, modulation of
the same modulation wave, so the name.

According to the phase relationship between carriers, the control method of the three-
level midpoint clamp-type inverter can be divided into in-phase carrier PWM control
and reversed-phase carrier PWM control, that is, with a pair of amplitude and frequency
equivalent triangular carriers stacked up and down, distributed in the modulation wave
of the positive and negative half wave. When the modulation wave is larger than the
upper triangular carrier on the positive half axis, the output is high, when the modulation
wave is smaller than the lower triangular carrier on the negative half axis, and when
the modulation wave is between two triangular carriers, the output level is 0. In sine
modulation waves, for example, Fig. 2 shows reversed-phase carrier PWM control, and
Fig. 3 shows in-phase carrier PWM control.

Reversed-Phase Carrier PWM Control

Taking the three-phase single-phase bridge arm as an example, the reversed-phase carrier
PWM control principle as shown in Fig. 2, U4 for the sine modulation wave of the A-
phase bridge arm, Up and Uy for the triangular carrier distributed in its upper and lower
half waves.
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Fig. 2. Reversed-phase carrier PWM control
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Fig. 3. In-phase carrier PWM control
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Where U is the amplitude of the carrier,

carrier, and w, is the angular frequency of the carrier.
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The equation for modulation waves is:
us = Ugsin wgt

Where Us is the amplitude of the modulation wave, and wj is the angular frequency
of the modulation wave.

As shown in Fig. 2 the modulation wave intersects the carrier at sampling point C,
D, and at sampling point C:

Ugsin wgt = —(wet + 6 — an)% + U, (@Y)

The following can be found:
wet =2kn + 7w — 0 — M sin wgt 5

At sampling point D there is:
wct =2kn + 71 — 0 + M sin wst (6)

Where M = Ug /U, is the modulation.
When w,t € [2kn + 0, 2km + m + 6], you get a time function for the output of the
three-level single-bridge arm SPWM:

0 < 2k + 71 — 0 — nMsinwgt
N > 2kn + 7 — 0 + 7wMsinwgt

Uso = 7
A0 E, < 2km + 7 — 0 + wMsinwgt @
27 > 2k + 7 — 6 — wMsinwgt
E is the DC side voltage value.
Analysis of the formula (7) with Fourier stages gives the following formula:
Upotwet, o) = (MBsinagt + 50 3% S i i mysin o+t (8)

The above shows that the DC component is zero in the voltage of the carrier inverted
PWM control output, and the amplitude of the base wave component is 1/4ME.

In-Phase Carrier PWM Control

In-phase carrier PWM control principle as shown in Fig. 3, two sets of triangular carriers
Up and Uy phases are the same, its carrier waveform is asymmetrical to the x-axis, The
same as reversed-phase carrier PWM control, the modulation wave Uy is compared with
the triangular carrier Up and Uy, respectively. In the positive half wave, |Us| > |Up]|,
the positive PWM pulse is triggered, so that the upper arm is turned on and the output
level is 1. In the negative half wave, |Ua| < |Uy|, the negative PWM pulse is triggered
to make the lower bridge arm turn on and output level — 1. The difference is to write out
two carrier expressions:

U» — { (wet — an)%, 2k < wet <2km+ 7 )

"7 —(et — 2km) Y 42U, 2kn + 70 < wot < 2kn + 27
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Us sinwgt, 0 < wst <7

U = 10

s1 { 0,7 < wst <21 (10)

Un — (wet — 2k % —Uc, 2kt < wct <2km +m an

M7 —@et = 2km) Y+ UL, 2k + 70 < et < 2km 427

Us sinwgt, m < wst < 21

Un = 12

2 { 0,0 <t < (12)

Where U, for the amplitude of the carrier, w. for the angular frequency of the
carrier, Ug for the amplitude of the modulation wave, w; for the angular frequency of
the modulation wave.

Referring to the method of retrieving the reversed-phase PWM control expression,
From the expression of in-phase carrier PWM control method, phase voltage output
Uao1 and Uy can be obtained, then analyzed by Series of Fourier, and the output
formula is:

1 . 2E (') oo 1
Upo(oct, wst) = ZMEsma)St + W Zm:l% ZV ﬁJZI,l(mMn)cosmest:t
2E ') +o00 R .
e Zm=2_4‘.,, Zn:il,i3,~- Jn (mnm)sin[mnr |sin[(mF + n)wst] (13)

The above shows that in the voltage of the carrier’s phase PWM control output, the
DC component is zero, the base wave component amplitude is 1/4ME, the presence of
m is even, n is an odd carrier up and down frequency harmonics, and the carrier and the
odd carrier harmonics are included.

Simulation Comparison Under MATLAB/Simulink

In MATLAB/Simulink environment, the carrier phase PWM control and carrier inverter
PWM control were simulated and compared, and the carrier ratio was set to 40, and the
sine modulated wave line voltage amplitude was 380V and the frequency was 50 Hz.

Figure 4 is the line voltage Up waveform output by reversed-phase carrier PWM
control, and Fig. 5 is the line voltage Usp waveform output by in-phase carrier PWM
control.

From Fig. 6 and Fig. 7, the line voltage output during in-phase carrier control contains
less harmonic content than reversed-phase carrier control. After double Fourier analysis
and simulation comparison, it can be concluded that: the output phase voltage of the
two carrier lamination PWM methods does not contain a constant component. In the
phase voltage of the carrier phase control method output, the harmonic energy is mainly
concentrated in the carrier frequency, and the other harmonics are mainly integer multiple
carrier frequency as the center of the edge band harmonics, the magnitude is smaller. In
the phase voltage output of the reversed-phase carrier control method, there is an edge
band harmonic centered on the integer carrier frequency, with a larger magnitude. At the
same time, the line voltage waveform effect of the in-phase carrier PWM control output
of the same phase stack is better than that of the reversed-phase carrier PWM control,
and this paper will use the in-phase carrier PWM control to control the TF active filter.
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Fig. 5. The in-phase carrier PWM method controls the output line voltage.
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Selected signal: 10 cycles. FFT window (in red): 5 cycles
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Fig. 6. FFT analysis of the inverted carrier control output line voltage (Color figure online)
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Fig. 7. FFT analysis of the output line voltage with phase carrier control (Color figure online)
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3 Harmonic Current Prediction Control

Predictive current control mainly uses the state information of the current sampling time
to calculate the command current value of the next sampling time and the APF reference
output voltage prediction value, to predict the trajectory of the next sampling cycle to
compensate for the current and determine the switching pulse of each switching device
of the TF APF, so that the output current of the active filter can accurately and quickly
track the change of the command current [12-15].

As can be seen from the topology of the active filter for the four-leg in Fig. 1.

LS@ = —Rsipa + €q — UaN
Lg<ft = —Rsipp + ep — upn (14)
LS%_Z —Rsipc + ec — uen

S% = —Rsipn — uny

In order to obtain the APF AC side output voltage prediction value at the next
sampling time, the discretization of the upper stage is approximated to:

l%w+nz—ﬂ;m+n—mﬂﬂ—mhw+%®

why (k + 1) = =2 [k, (k + 1) — i (k)] — Rirp(k) + ep(k)

l%@+n=—%m@+n—m@ﬂ Ryipc (k) + ec(k)
uiy(k+1) = [ﬁn(k+ 1) — ipn (k)] = Ryipn (k)

;’I

(15)

Where u}, (k 4 1)(x takes a, b, ¢, n) represents the three-phase output voltage pre-
diction value of the k1 sampling time compensator, ij;x (k + 1)(x takes a, b, c, n) is the
current prediction value of the k1 sampling time instruction and is the sampling cycle
of the Ty compensator system.

The principle of the current predictive control strategy is as follows. Firstly, whether
the harmonic current generated by the load is a steady state is determined. The steady state
means that the harmonic instruction current presents periodic changes. The data at the
corresponding time of the previous system cycle can be used to replace the compensation
current instruction value iy .(k + 1) at k 4 1. If the harmonic current generated by the
load is transient, it indicates that the compensation current instruction value i;’;x k+1)
attime k + 1 does not have periodicity, and it needs to be calculated by the second-order
extrapolation interpolation method.

The error limit is set & here, when |i;x(k) —ip (k=N )| < &, the harmonic current
generated by the load is determined to be steady, at this time the last cycle command
current storage value can be obtained from the compensation device under the use of the
instruction current value at the moment, that is:

it k+1) =it k—N+1) (16)
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Where N is the number of sampling points for an industrial frequency cycle, when
the compensator system samples at 10 kHz. N = 0.02 x 10* = 200.

When |i}§x (k) —ip (k=N )| > ¢ established, the harmonic current generated by the
load is determined to be transient, at which time the load current changes greatly, and
the instruction current value of the next sampling time of the compensator is predicted
by using the Lagrange interpolation method, i.e.:

ipe(k 4+ 1) = 3ip, (k) = 3ip, (k — 1) 4 i, (k — 2) (17)

According to the above command current prediction method, we can quickly get the
command current prediction value of the TF APF at the next sampling moment, it can
be i}, (k + 1). Replaced it by Eq. (15) to obtain the next sampling moment APF AC side
output voltage reference value ufy\(k + 1), and finally use the same phase stack sine
PWM modulation algorithm to produce a turn-off pulse of the TF APF power switch
device, so as to accurately and quickly track the change of command current, to achieve
the purpose of rapid compensation harmonics.

4 Predictive Control Simulation Based on Same-Phase Carrier
Modulation

4.1 Simulation Model

The principle of predictive control has been discussed separately in the previous section,
where a simulation model of TF AF using voltage-free sensor p — g — r harmonic
detection, predictive current control, and phase carrier modulation is established. The
system simulation diagram is as follows (Fig. 8):
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Fig. 8. A system simulation diagram predicting current control.
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The simulation system consists of a power supply module, a nonlinear load mod-
ule, a harmonic detection module, a predictive current control module and a TF with
phase carrier module. The carrier module is shown in Fig. 9, and the main power tube
switch states of the three levels of power level are represented by the bridge arm output,
respectively, in the figures of 1100, 0110, and 0011.

tri2 !

iyl

carrier

o11]|/110]| | [1100]

Fig. 9. Three-level four-leg carrier modulation module

The simulation conditions are as follows: grid voltage 380 V, 50 Hz, the nonlin-
ear load is three-phase non-controlled rectifier bridge and A-phase single-phase non-
controlled rectifier bridge, APF access point network inductive value is ImH, DC side
voltage is 1000 V, system sampling frequency 10 kHz, and compensation scheme is
real-time compensation harmonics.

4.2 Simulation Results

Figure 10 shows the induction current and the predicted command current obtained by
the advance link calculated by the p-q-r detection method, and it can be seen that the
predicted instruction exceeds the previous switching cycle, but the calculation error of
the current inflection point is large; Fig. 11 is the DC side voltage, the lower capacitor
voltage and the DC side voltage of the three-level APF.
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Fig. 10. Instruction current and its predicted value
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Figure 12 is the case where the APF phase output current tracks the phase command
current. Figure 13 shows compensate for the current before and after the power supply.
As can be seen, the supply current after APF compensation is basically a sine wave. The
total harmonic distortion rate (THD) of the supply current was reduced from 18.45%
before compensation to 3.76%, and the current harmonic component was effectively
suppressed.

30

T
e A
AW "

0.4 0.402 0.404 0.406 0.408 0.41
t/s

Fig. 12. Phase A command current tracking

Figure 14 is the APF Fourth Leg Output Current Tracking the Midline Command
Current. Figure 15 shows compensate for the front and rear midline currents. The magni-
tude of the midline current before compensation is 20 A, and the magnitude and energy
of the medium line current after compensation is greatly reduced.
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Fig. 14. Midline instruction current tracking
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Fig. 15. Front and rear waveforms for current compensation for the midline

5 Conclusion

Through the analysis of carrier lamination PWM method strategy, a predictive current
control strategy based on the same phase carrier modulation is proposed. Applying this
strategy, the theoretical analysis and simulation of the active filter control system of the
four-leg of the three levels are carried out. The simulation results show that:

1) The same-phase carrier modulation strategy output voltage harmonic performance
is better. The harmonic component content is smaller.

2) Compared with the SVPWM modulation strategy, based on the predictive current
control strategy of the same phase carrier, the physical significance is clear, the
calculation time is greatly reduced, and the rapid compensation of harmonics can
be realized.
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