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Abstract

Aiming at the problems of large power ripple, high harmonic components and DC bias on the
AC side of the three-phase voltage rectifier Direct Power Control (DPC), as well as the
shortcomings of the voltage output of the DC side busbar, the direct power control method of
the cross-compensated virtual flux double switch meter has been proposed. The virtual flux
can realize the sensorless mode on the input side of the circuit to reduce the high harmonic,
even if the first-order low-pass filter is used to replace the integration region, there is still
some error. On this basis, the two filters are connected in parallel for virtual flux
compensation, and then the voltage vector is selected according to the instantaneous power
change, and the sector is re-divided with the voltage as the control vector, and two
independent switching state tables are designed. The cross-compensated virtual flux double-
switch meter DPC is simulated and compared with the traditional DPC waveform, and the
experimental results show that the cross-compensated virtual flux double-switch meter DPC
strategy can effectively reduce the proportion of harmonic content, control power
fluctuations, improve DC bias, has fast tracking effect, stabilize output voltage, and control
active and reactive power flexibly. The three-phase voltage rectifier circuit occupies an
important position for the pre-rectifier part of the charging power supply of electric vehicles,
and the rectifier circuit that can stabilize the output DC voltage cannot only extend its service
life for the charging power supply, but also reduce harmonic pollution.
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1. Introduction

PWM rectifiers can convert variable currents into direct current, realize the
"ecological conversion” of electrical energy [1], and require direct current in new energy
fields such as wind power generation, synchronous motors, and electric vehicle charging
power sources, so PWM rectifiers between power equipment and public power grids are
essential, and the control of three-phase voltage PWM rectifiers is also crucial. Its commonly
used controls are sliding mode control, direct current control, direct power control and so on.
Synovial control is a sliding mode control theory that makes the whole system move on the
state trajectory set in advance, although the uncertainty of the entire system is overcome, but
the state trajectory is difficult to slide strictly towards the balance point, which will cause the
output to jitter [2]. Direct current control is controlled by a dual closed-loop method of
voltage outer loop and current inner loop, but when the load changes, the load power changes
ahead of the DC bus response, resulting in an imbalance of input and output energy [3].
Direct power control (DPC) also uses dual-loop control, except that the inner loop is changed
to power, and then the high-power factor is achieved through the switching meter and the DC
output voltage is stabilized [4]. Compared with the first two controls, the algorithm of the
DPC strategy is simpler and the response speed is faster, so the DPCs of the three-phase

voltage PWM rectifier are studied in depth.

The literature [5-6] introduces the virtual flux directional direct power control, adding
a virtual flux on the basis of DPC, which can not only reduce the number of sensor devices,
but also reduce the total harmonic distortion rate of the system, but there will still be DC bias
errors. The literature [7] explains that the zero vector in the switching state table not only has
little effect on the control of reactive power, but also causes large power ripples. The
application of virtual flux-based DPC in voltage source type HVDC (VSC-HVDC) is
proposed, and the relationship between switching meters and power is not discussed in depth,
and power fluctuations still exist. Aiming at the above problems, a virtual flux is introduced
in the three-phase circuit, and the integration region is replaced by a parallel compensation
low-pass filter, and the sector of the traditional DPC is subdivided, and the active power and
reactive power are controlled separately by a double-switch table. The improved DPC control
not only eliminates the network side voltage sensor, reduces the cost, but also has good
stability, has a good suppression effect on harmonics, and at the same time, realizes the
reasonable adjustment of P and Q, and reduces the oscillation of DC side power and DC side

voltage when the load suddenly changes.
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2. Three-phase voltage PWM rectifier
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Figure 1. Topology of three phase voltage source PWM rectifier

Figure 1 is the main circuit topology of the three-phase voltage PWM rectifier [9],
where e,. e,. € are three-phase grid electromotive force, i, iy, Ic are three-phase grid
current, ug. and idc are DC bus voltage and current, ua, ub, uc are network side voltages,
three-phase inductor L can not only filter but also have a boost effect, DC side capacitor C
can filter and is voltage stable. The voltage-current equation of the rectifier and the

conversion equation under the coordinates of a-f are:

f ea ia d ia ua
ep| =R lb +Ld_ lb + [Up
eC lc t lc uC (1)
du Uge . . .
kC = Saliq + Spip + Scic — ige
—1/2 —1/2
_ 2
X ] 30 V3, V3, )

3. Traditional direct power control

Direct power control (DPC) is to multiply the instantaneous output voltage as the
voltage outer loop by the current to obtain a given value of the instantaneous active power
[10-11], compare the difference between the instantaneous P and transient Q at the input and
the given power values P* and Q«, send the difference to the hysteresis comparator, and
finally select the desired switch modulation signal in the switching state table through the

switching signals S,.  Sg, and the sector signal 6.

Journal of Electrical Engineering and Automation, December 2021, Volume 3, Issue 4 307



DPC OF CROSS-COMPENSATED VIRTUAL FLUX DOUBLE SWITCH TABLE

definition:

{AP =P —P*
AQ=Q—-Q" 3)
AP: The difference between a given active power P* and the actual measured active

power P.

AQ: The difference between a given reactive power Q* and the actual measured

reactive power Q.

If AP <0, the switching action reduces the instantaneous active power Q; conversely,

the P increases.

If AP <0, the switching action reduces the instantaneous reactive power Q;

conversely, the Q increases.

The three-phase voltage rectifier circuit operates in the traditional DPC mode, no
matter what time point, the switch tubes on the bridge arm are in different on states in turn,
and the number of switch tubes that can be turned on is 3. Therefore, the 8 input voltage
vectors in the rectifier circuit are corresponding to the 8 combinations of switching states

generated by the circuit, which are:
U,(000), U, (001), U,(110), U3(010), U,(011), Us(001), Us(101), U5(111)

Among them, U0 and U7 are called zero vectors, because in these two states there is
no energy exchange between the two sides of the rectifier, and the rest of U1 to U6 are called
non-zero vectors. This article refers to the eight input vectors of U0 to U7 as basic space

vectors. The switching status is shown in Table 1.

Table 1. Eight switching states of the circuit

Number 1 2 3 4 5 6 7 8
switch
state 001 010 011 100 101 110 111 000
SaSh Se
VT4Ds)  VT4Ds) VT4(D.) VT.(Dy) VTy(Dy) VT.(Dy) VT.(Dy) VT4(D,)
Conduction VTe(Dg) VT3(Ds) VT3(Ds) VTs(Ds) VTe(Dg) VT3(Ds) VT3(Ds) VTe(Dg)
VT5(Ds) VT,(D,) VT5(Ds) VT,(D,) VTs(Ds) VT,(D,) VTs(Ds) VT,(D,)
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Traditional direct power control is achieved through a logic switching meter, but at
the same time affected by a switching meter control, which not only causes significant
fluctuations in DC voltage and power when the load changes, but also degrades the

performance of the rectifier.

4. Virtual magnetic chains

Because the circuit structure of the AC side of the rectifier is similar to the equivalent
circuit of an AC motor, the power supply on the grid side can generally be regarded as a
virtual AC motor. In order to reduce the sensing components on the AC side of the grid, to
facilitate the estimation of instantaneous power, in addition, considering that the electric
potential of the distribution network is generated by blocking the rotating magnetic field

generated by the three-phase winding, thus leading to the concept of virtual magnetic chains.

According to the definition of the virtual magnetic chain W=[edt, the o-p axis

component of the virtual magnetic chain is obtained:

( dt, _
Jwa:fe“dt:f(LEJ’Rl“Jr”“)dt

dty
th=feﬁdt=j LE'FRlﬁ-l‘Uﬁ dt

Improvements are made on the traditional virtual flux, and a first-order low-pass filter

“4)

is commonly used to replace its pure integration region to eliminate DC bias and higher
harmonics, and to suppress global integration saturation and estimate the virtual flux.

Given that the transfer function of the first-order low-pass filter is G(s), the expression

for the new virtual flux P is:

Y(s) =aG(s) u(s) = u(s) 5

s+ w,

s: Laplace transform complex variable from time domain to complex domain transfer

function, u(s): input quantity, W(s): output amount, wc: cutoff frequency.

Fundamentally, a first-order low-pass filter is equivalent to a pure integrator in series

with a first-order high-pass filter. The transfer function of a pure integrator is:
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6s) =+ ©)

Assuming that a sampled signal can be described as Udct+ Awsin(wt), its time-domain

response through a pure integrator and a first-order low-pass filter is shown in Fig. 2.

U, +Awsin(et) ] UE(0)+ Al- Acos{et)+U,t R
: >
| U, A" | . U,
1 i sm(a)t—(/)){Uout(O)—;‘fW}e o +?‘i
o Stor .

Figure 2. Time domain response of pure integrator and first-order low-pass filter

In Figure 2, Udc represents the DC offset of the sampled signal; o is the angular
frequency of the grid fundamental frequency signal; Uin(-1)(0) is the integration value of the
input signal at 0 moment; and Uout(0) is the initial output value of the first-order low-pass
filter.

The initial value problem and integral drift of the pure integrator can be seen from the
analytical expression of the output signal in Figure 2, and the DC attenuation effect of the
first-order low-pass filter cutoff frequency wc can also be observed. Substitute s = jo into (5)
and (6) to get:

( ) 1 1 —jarctan
61(]0)) = - = e Wc
](A)+(A)C w/(i)2+wg (7)
.TT
G(jw) =—e 2
l (w) =—e

Comparing the two equations in (7), it can be seen that since the wc in the actual
system is not 0, this method still brings the problem of amplitude and phase error. Aiming at
the difference in amplitude and phase frequency characteristics between the first-order low-

pass filter and the pure integral, an improved method is proposed.
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5. Cross-compensated virtual magnetic chains
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Figure 3. Cross-compensated low-pass filter

When using a first-order low-pass filter to estimate the grid virtual flux, the

relationship between the grid voltage vector and the estimated virtual flux vector is as

follows:
_ 14
Y= 8
(w + w,) ®)

where ¥ represents the estimated virtual flux vector. Equation (8) can also be written

as:
- 14 _
‘P=m(a)c—]w) (9)

Substitute the correlation formula WY=V/jw W=V/jw of voltage vector and virtual flux

vector into (9) to obtain:

_ 1% _
Y= W2 T w(w+jw) (10)
So:
Yo o0 ) (11)
—_— = — — = — (p
v v ,0)2+(1)62

where W represents the corresponding estimate of the amplitude of the actual flux vector

Y; 0 represents the corresponding estimate of the phase 0 of the actual flux vector.
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The o components of the actual flux vector can be written as:

~ w
Y, =Wcos(0—p) =¥, + wﬁf (12)

Similarly, the B component is obtained as:

(13)
-1 0 1 2
¥_(Wb)
(b)
it i
— 05 0.5[
2 ot or
> 05| 05}
1k 11
-1 0 1 2 0 1 2
¥_(Wb) ¥_(Wb)
(c) (d>

Figure 4. Comparison of pure integrators with parallel compensated observers

Parallel low-pass virtual flux observer observations are shown in Figure 2.6. Figure 4
takes the cutoff frequency o, = 30,100,500,1000, respectively. Comparing the observations
of the cutoff frequency in the above four values, it is known that the speed at which the
virtual flux observation reaches the steady state increases as the cutoff frequency increases,
but further simulation studies show that it is not that the larger the cutoff frequency, the
better. At the same time, there is no DC offset problem in the virtual flux observation based

on the parallel compensation observer.

6. Cross-compensated virtual magnetic chain double switch table DPC

Figure 5 shows a three-phase PWM rectifier virtual flux double switch table DPC
block diagram. The virtual flux principle is introduced on the AC side, and the difference

between the given value of instantaneous active power and reactive power and the actual
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measured instantaneous power value is controlled by selecting the appropriate switching
signal through the hysteresis comparator to control the opening and closing of the switch
tube. In the figure, two switching tables are used to control P and Q separately to improve the

problem of large fluctuations and instability of the DC bus voltage.

Power
grid

S ab
Parallel compensation low-pass filters
Virtual magnetic chain
] s
Instantaneous power calculation |
Sy switch
table
| o S,

Q > @
&

Figure 5. Parallel compensation virtual magnetic chain double switch table DPC block
diagram

6.1 New Switch Status Table

The three-phase voltage rectifier circuit runs in the traditional DPC mode, no matter
what time point, the switch tube on one bridge arm corresponds to only one conduction state,
so there are three switch tubes on the three bridge arms that can be turned on. Then in the
rectifier circuit, 8 switching state combinations can be generated, which correspond to 8 input
voltage vectors, namely U0 (000), U1 (100), U2 (110), U3 (010), U4 (011), U5 (001), U6
(101), U7 (111). Traditional direct power control is achieved through a logic switching meter,
but at the same time affected by a switching meter control, which not only causes significant
fluctuations in DC voltage and power when the load changes, but also degrades the
performance of the rectifier. In order to reduce power ripple and control power more flexibly,
the entire space can be divided into 12 sectors to optimize the input voltage vector of the
three-phase voltage rectifier circuit, and a logic switch table can be changed to two switch

tables to control P and Q respectively, and the optimized switch table can improve the power

Journal of Electrical Engineering and Automation, December 2021, Volume 3, Issue 4 313



DPC OF CROSS-COMPENSATED VIRTUAL FLUX DOUBLE SWITCH TABLE

regulation performance of the rectifier. Figure 6 shows the 12 sector space vector diagram,

and Table 2 shows the switching table of the power supply voltage vector in 12 sectors.

U, (010) U, (110)
4
3_
|/ U, (000)

u, (100()l

10
Us (001) U, (101)

Figure 6. Space vector diagram of 12 sectors

Table 2. Double on off table of power supply voltage vector in 12sectors

Sp | 02 O3 O 05 O 6 O3 Oy 610 Ou O

0 (U U U Uy Us U3 Usg Us Us Us Us Us

1 |Us Us Us Us Usg Ug Ui U Uy Uy Uz Us

Sq |6h 6 O3 04 O5 05 07 0Og 0Oy 019 0O 0O

0 |Us Usg U U Uy U Uz Uz Ug Us Us Us

1 |U; U, Uz Us Us Usg Us Us Us Us U Uy

Thereinto:
(n—Drm nmw
- < < —
6 - "6
u
0 = arctan—ﬁ (14)
ua
n=123..12

The logical switch function is:

{O,Ap < H, {0, Ag < H, (15)
p 1,Ap = H,’ q 1,Aq = H,
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6.2 Cross-compensated virtual flux DPC

When the intermediate connection reactor equivalent resistor R is ignored, the AC

side voltage equation for the three-phase voltage source converter is:

dl
16
V_U+Ldt (16)

The two sides of the equal sign are integrals:

Y=y, + LI (17)

Where Wu represents the virtual flux vector at the converter end. Then the calculation

of Wu in the coordinate system of a—f is as follows:

2 1
Wy = f \/;Vdc [Sa - E (Sb + Sc)] dt

1
LI',uﬁ’ = \/;Vdc(sb —50)|dt

Therefore, using the integration operation in parallel compensated virtual flux

(18)

implementation (16), the expression for the grid port virtual flux estimation of the three-phase
voltage rectifier topology is as follows:

- W
Y, =W+ lpu‘gzﬁ' LI,

(19)
. . W
The grid vector is:
d¥ d(we*t) dv .
V:—:—:—]o‘)t+' [y (20)
dt dt ac TI?
The instantaneous power on the a-f coordinate system is:
d¥ d¥
P=Re(VI") = —| I+ —| Ig + o(Walp — Wplq)
dt |, dtlg 1)

dy
kP =Im(VI") = ——

dw
Io + EL; Ig + w(Wolp + Yply)

o

When the grid voltage is sinusoidal, then the virtual flux voltage vector amplitude is

unchanged, that is, the microsonance of the flux amplitude is 0. Thus (21) may be reduced to:
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{P = w(Wulp — Yply) @)

Q = w(Woly — Wplp)
7. Simulation and experimental verification
7.1 Simulation verification

The direct power control of the virtual flux double-switch table of the three-phase
voltage rectifier proposed in this paper and the traditional direct power control are simulated
to verify the effectiveness of the DPC control method proposed in this paper. Table 3 shows

the simulation parameters for the design.

Table 3. Simulation parameters

variable numeric value
DC bus voltage Ugc 700V
Three-phase AC line 380V
voltage peak Um
Voltage frequency f 60Hz
Filter inductor L 200mH
Line resistance R 0.6Q
Equivalent payload R 100Q
DC side capacitor C 5100uF
Simulation time t 1s
Load mutation time t 0.5s

According to the parameters in Table 3, the instantaneous active power and reactive
power output of the rectifier are simulated by the traditional DPC method and the cross-
compensated virtual flux DPC strategy, respectively, and the results are shown in Figure 7.
The left and right figures are simulated waveforms of active power and reactive power under
the traditional DPC and cross-compensated virtual flux DPC strategies, respectively. From
the figure, it can be found that whether before the load mutation or after the load mutation,
the active power is from 5000 mutation to 10000W, but the active power waveform of the

right figure is smoother and more stable, while the glitch after the reactive power mutation
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under the traditional DPC is in the range of 500Var, and the harmonic glitch brought by the
latter is also within 200Var in time, making the reactive power more inclined to 0, and the

harmonic content contained is significantly reduced.

12000 12000
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2000 2000 [
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2 | I
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0 0
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0 0.2 04 0.6 08 1 W, 0.2 0.4 0.6 08 1
tls tls

Figure 7. Active and reactive power comparison chart

The dc bus voltages of the two methods are compared and simulated, and the
simulation waveform results are shown in Figure 8, where 1 is the DC bus waveform under
the traditional DPC and 2 is the DC bus voltage waveform under the cross-compensating
virtual flux DPC. It can be seen in the figure that the DC bus voltage of the new DPC can not
only be quickly tracked to a given value after a 0.5s load mutation, but also has good
dynamic performance, but also inhibits the pulsation after the mutation, so that the ripple is
very small. After the load sudden change, the AC side voltage and current can also be quickly

stabilized at the reference value.

702

700 -

698 |-

696 |-

DC bus voltage
Ude/ V

694

692 | | | |
t/s

Figure 8. DC bus voltage comparison waveform
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Figure 9 is a comparison of the harmonic content of the traditional DPC and the cross-
compensating virtual magnetic chain, in the figure a is the harmonic content curve of the
traditional DPC, and b is the harmonic content curve of the cross-compensated virtual
magnetic chain double-switch table DPC. For the harmonic analysis of the current of the
rectifier network side phase A, the THD=8.43% when the traditional DPC control is adopted,
and the THD=3.42% after the new DPC control is adopted, which is significantly reduced,
which effectively improves the current quality of the grid side.

: 5 T T T T
[9+]
1=
v 4 F 4
E a-8.43%
c 3t b-3.42% ]
>
LL
S 92t
NS
o 1r
4+
=
0 | | | [l
0 200 400 600 800 1000

Frequency /Hz

Figure 9. Comparison chart of harmonic content

7.2 Experimental Verification

In the school's power electronics laboratory, an experimental bench was built to
conduct experiments on the three-phase voltage rectifier circuit. In the experiment, the
voltage on the grid side is 380V, the DC voltage is 700V, the load is selected with 100Q
resistor, the control chip is selected from TI's TMS320F2812, and the switching device is
selected from Fujifilm's IGBT-IPM module 7MBP100RA120. Figure 10 shows a voltage and
current waveform diagram of the AC side of the cross-compensated virtual magnetic chain
DPC. The voltage and current waveforms on the grid side are sine waveforms with smooth
waveforms. Figure 11 shows the TTL spectrum comparison plot, where a is the TTL
spectrum distribution of the traditional DPC, and b is the TTL spectrum distribution under the
cross-compensated virtual flux double-switch table DPC. It can be seen from the figure that

the harmonic distribution of the cross-compensated virtual flux DPC is significantly reduced.
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Figure 10. Voltage and current waveform of AC side
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Figure 11. TTL spectrum comparison diagram
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8. Conclusion

The direct power control strategy of the three-phase voltage PWM rectifier circuit
virtual flux double-switch meter proposed in this paper, reasonably reduces the use of
components by adding a cross-compensated virtual magnetic chain on the power grid side,
and subdivides the switching status table sector and switches to the dual-switch meter to
control the power. The simulation and experimental verification of the traditional virtual
magnetic chain DPC and the proposed new virtual magnetic chain double-switch table DPC
were carried out, and the experimental results showed that the proposed DPC can more
smoothly control the instantaneous active power P and reactive power Q, so that the reactive
power tends to 0, the power ripple is smaller, even after the mutation, it can quickly tend to
be stable, the waveform is stable, and the harmonic content is significantly reduced compared

with the traditional DPC control, which has better robustness.
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