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Abstract: In a current source rectifier such as a matrix rectifier, input voltage and current cannot
be in phase unless an additional input power factor control technique is implemented. This paper
proposes such a technique for a matrix rectifier using power-based space vector modulation (SVM).
In the proposed method, the modulation index and phase required in order to apply the SVM are
calculated based on the active and reactive power of the rectifier for intuitive power factor control.
The active power that the rectifier should generate for the regulation of the output inductor current
is obtained by the PI (proportional-integral) controller. The reactive power, which is supplied by
the rectifier for adjustment of the power factor, is assigned differently depending on the output
condition: for the output condition capable of unity power factor, it is set to a negative value of
reactive power of the input capacitor, and when the unity power factor is not achievable, it is set
with the maximum reactive power the rectifier can generate under the given condition to attain the
maximum possible input power factor. It is determined whether the given condition is the light load
condition by comparing the absolute value of the reactive power supplied by the input capacitor with
the maximum rectifier reactive power that can be produced under the given condition. The SVM
based on the active and reactive power of the rectifier in this technique allows the input power factor
control to be intuitive and simple. The performance and feasibility of the technique were proved by
simulation and experimentation.

Keywords: power factor adjustment; space vector modulation; current source converter;
matrix rectifier

1. Introduction

When the charger of an electric vehicle is manufactured with a voltage source rectifier with a
boost type characteristic, an additional DC-to-DC converter is needed. This DC-to-DC converter
drops the voltage, because the battery voltage used in an electric vehicle is lower than the grid
voltage [1-5]. However, because a matrix rectifier derived from an AC-to-AC matrix converter is a
rectifier with a buck-type current source characteristic, an extra DC-to-DC converter is not needed
when designing the charger using a matrix rectifier [6-12]. Therefore, an electric charger with a matrix
rectifier has the advantage of reducing power conversion efficiency and volume compared to voltage
source-based chargers.

The matrix rectifier is a type of current source rectifier that uses DC current flow in the output
inductor to produce a pulse wave of the same size as the output inductor current at the rectifier
input [13]. The duty value of the pulse wave is regulated to control the fundamental component of
the rectifier input current. On the input side of the current source rectifier, an LC filter is installed;
it removes the harmonic content of the rectifier input current and provides a path for the input current
to flow when the rectifier input current is zero. The current source rectifier controls the phase of the
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rectifier input current in synchronization with the phase of the input voltage or input capacitor voltage.
However, this control method causes a phase difference between the input voltage and input current
because of the current flowing in the input capacitor. Therefore, the input voltage and input current
cannot be in phase unless an additional input power factor control technique is applied.

To regulate the input power factor of the current source rectifier, several techniques have been
proposed [14-18]. In Choi et al. and Zargari et al. [14,15], a power factor adjustment delaying the
phase of the rectifier input current was proposed. However, because the delay angle for unity power
factor control was calculated without considering the voltage drop of the input inductor, there was a
limitation in that the power factor was not precisely unity. In Zargari et al. and Zhang et al. [16,17],
the rectifier input current, which puts the input voltage and input current in phase with each other,
was obtained by mathematical calculations using the relationship between voltage and current at
the input side. However, the calculation process used was complicated and not intuitive. Another
limitation of these studies [14-17] is that there was no description of the power factor control technique
where unity power factor control was not achievable. In Kim et al. [18], a power factor regulation
technique using a virtual capacitor was proposed. To compensate for the current flowing through the
input capacitor, which causes the nonunity power factor, a virtual capacitor was applied in parallel
to the input capacitor. In order to implement the virtual capacitor, the current flowing through it
was additionally generated in the rectifier input current. Additionally, a maximum achievable power
factor (MAPF) control method for the light load condition was developed. However, for the use of the
differentiator required to calculate the current of the virtual capacitor, a noise cancellation technique
with dg conversion was used, which complicates the control technique. In addition, it is not intuitive to
generate additional current realizing the virtual capacitor.

This paper proposes a power factor adjustment technique for a matrix rectifier using a power-based
space vector modulation (SVM). In the proposed technique, the modulation index and phase for
the SVM are calculated based on the active and reactive power of the rectifier for intuitive power
factor control. The active power that the rectifier should generate for the regulation of the output
inductor current is obtained by the PI (proportional-integral) controller. The reactive power supplied
by the rectifier for adjustment of the power factor is assigned differently depending on the output
condition. First, in the output condition capable of unity power factor control, the rectifier generates
a negative value of reactive power of the input capacitor. In the light load condition, where MAPF
is possible, the reactive power reference of the rectifier is set to the maximum reactive power the
rectifier can produce under the given condition to attain the maximum possible input power factor.
The determination of whether the given condition is the light load condition is judged by comparing
both the absolute value of the reactive power supplied by the input capacitor and the maximum
rectifier reactive power that can be produced under the given condition. The advantage of the proposed
technique is that the input power factor adjustment technique is intuitive and simple, owing to the
SVM based on the active and reactive power of the rectifier. The performance and feasibility of the
proposed technique were proved by simulation and experimentation.

2. Conventional Space Vector Modulation

Figure 1 shows the matrix rectifier; S;-Sg indicate its bidirectional switch, L; and C; represent the
inductor and capacitor of the input LC filter, L, and C, refer to the inductor and capacitor of the output
LC filter, I, denotes the rectifier input current, vs denotes the input voltage, is represents the input
current, and v, is the input capacitor voltage. The voltage and current of the load are represented by
Tioaq and Vjp,g, respectively. 1. is the current through the output inductor.
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Figure 1. Matrix rectifier.

The matrix rectifier is the current source type that controls I;. to a constant reference value.
The matrix rectifier generates the pulse wave in the rectifier input side by I;. and controls the
fundamental component of the rectifier input current by regulating the duty of the pulse wave.
A general technique for controlling the current source type rectifier is SVM, which uses a space vector
obtained by abc to aff conversion of the three-phase rectifier input current. This is determined based
on the switching state of the rectifier. Table 1 shows the space vectors based on the switching states,
and Figure 2 plots the magnitude and phase of the space vector with respect to the af axis.

Table 1. Space vector based on switching states.

Space Vector On-State Switches
L (51, S6)
I (S1,52)
. I3 (S3,57)
Act tors
ctive vector: I, (Ss, S4)
I5 (S5, S4)
16 (SS/ S6)
Zero vectors Iy (51, 54), (S3, Se), (S5, S2)
JB
I
A
n Sector 3 Sector 2 L
I rref
Sector 4 <9 Sector | “
Iy
Sector 5 Sector 6
Is Il
Is

Figure 2. Space vector diagram in af plane.
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In Figure 2, I,,,s and 6 represent the reference of the rectifier input current and the phase of I,
respectively. As shown in Figure 2, the sector can be divided according to the phase of the reference
of the rectifier input current. Each sector has different space vectors adjacent to the reference value.
Two active vectors and one zero vector adjacent to the reference value in one sampling are used to
make the rectifier input current follow the reference value. When I, is in Sector 1, the duty value of I,
I, and I is obtained by Equation (1) to track the reference of the rectifier input current.

dy = msin(—é + %)
dy = msin(5 + %) 1)
do =1-(d1 +do)
In Equation (1), d1, d,, and dy indicate the duty values of Iy, I, and Iy, respectively, and m represents
the modulation index defined by Equation (2).

‘Irref|
"= Idc

@

Figure 3 shows a block diagram of a conventional SVM. As shown in Equation (1), m and 6 are
needed for the SVM. In conventional SVM control, the modulation index is obtained from the output
inductor current and the PI controller. In addition, the phase of the rectifier input current is used by
the phase of the input voltage and obtained from using a phase locked loop (PLL).
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PLL
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o
m
7£
PI
7
[c/:
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Figure 3. Block diagram of the conventional space vector modulation (SVM).

Figure 4 shows the phase relationship between is, i ;, i,, and input voltage vs. In Figure 4, i,;; means
input capacitor current, and 0 denotes the phase difference between the input voltage and input
current. When the SVM is implemented in the same manner as shown in Figure 3, the input voltage
and rectifier input current i, are in phase, as in Figure 4. As a result, ic; causes the input current is to be
out of phase with the input voltage. To remove this phase difference, the new rectifier input current
that makes input power factor unity can be obtained from mathematical calculations using the voltage
and current at the input side [17]. The virtual capacitor can also be applied in parallel to the input
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capacitor to compensate for the leading current [18]. However, because these techniques are not direct
methods of controlling power, power factor control is not intuitive. In this paper, a new power-based
SVM is proposed for intuitive power factor control.

> >
> >

l 7 VS
Figure 4. Phase relationship between is, i, iy, and vs.

3. Proposed Method

Equation (3) is used to derive a new power-based SVM.

P, = 1.5<Usaira] + Usﬁirﬁl)

a1 + 0 Q
Q= 1.5(‘05!317(11 - vsalrﬁl)

In Equation (3), P, and Q, represent the active and reactive power produced by the fundamental
component of the rectifier input current, and vs, and vsg represent the result of the abc to af conversion
of the three-phase input voltage. In addition, i;,1 and 7,57 denote fundamental components of the
result of the abc to af conversion of the three-phase rectifier input current. Equation (3) is arranged as
Equation (4) for ira1 and ixg1.

. 2 v Ysp
lial—g(zmzpr‘*' 7 Qr)

2
Usa +vsﬁ USA'H’S;; (4)
s 2 Usp _ Usa
llﬁl — 3 ( Uga +v§ﬁ PV vga+vét3 Q"')

Equation (4) can be used to find the fundamental components of the rectifier input current using
the active and reactive power of the rectifier. The modulation index and phase for SVM operation can

27 2
Al T 2 P24+Q?
B Lac

be obtained as follows:

~ 3l v§a+v§ﬁ (5)
o -1 lzﬂ o Usﬁpr_vsaQr
6 = tan gl UsaPr‘i’vsﬁQr ’

m

Neglecting the losses in the rectifier, the respective active powers of the output and the rectifier
are equal. Thus, the active power that must be produced by the rectifier to generate the desired output
inductor current can be set as the reference value for the active power of the rectifier.

On the other hand, the reactive powers of the input, input capacitor, and rectifier have the
following relationship:

Qs = Qc + Qr- (6)

In Equation (6), Qs, Q., and Q; represent the reactive powers of the input, input capacitor,
and rectifier, respectively. In order for the input voltage and input current to be in phase, the input
reactive power must be zero. Therefore, the rectifier should compensate for the reactive power
generated by the input capacitor for the unity power factor control. The reactive power of the input
capacitor can be attained as follows:

Qc = —1.5wC; V. (7)

In Equation (7), w is the angular frequency of the input voltage, and V; is the peak magnitude of
the input voltage. The input reactive power can be controlled to zero if the rectifier compensates the
reactive power supplied by the input capacitor by generating the negative value of it obtained in (7).
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However, the unity power factor cannot be accomplished in an all-output condition. The range of the
modulation index is 0-1. As can be seen from Equation (5), once the active power to be produced by
the rectifier is determined for the output inductor current control, the maximum reactive power that
can be supplied under such output conditions is decided. Therefore, in order to determine the reactive
power reference of the rectifier, it is first identified whether the unity power factor control is achievable
under the given load condition. The maximum reactive power that the rectifier can generate at the
given output conditions (Qyuax) can be obtained by setting the modulation index to 1, as shown in
Equation (8).

Qrmax = \/(1'51dc)2(77?m + U?i‘[;) - P% 8)

If the magnitude of Qs calculated by Equation (8) is larger than or equal to the absolute value
of the reactive power supplied by input capacitor, the reactive power reference of the rectifier is set
to the negative reactive power value of the input capacitor. Otherwise, the reactive power reference
of the rectifier is assigned to be the maximum reactive power Qyusx. The method of determining the
reference of the reactive power of the rectifier is summarized in Equation (9).
o :{ Q] Qrmax 2 1Qcl ©)

! Qrmax Qrmux < |QC|

In Equation (9), the case where Q. is greater or equal to |Q,| is called the normal condition in
which the unity power factor can be achieved. On the other hand, the case where Qj 4y is lower than
|Qc| is called the light load condition where MAPF can be attained.

A block diagram of the proposed technique is shown in Figure 5. Here, the superscript * marks a
reference value. Because the proposed method performs SVM based on power, the power factor control
is more intuitive than the conventional power factor control technique. With this intuitive power
control, the reference value of the reactive power changes organically based on the load condition.
As a result, the maximum power factor can be controlled even in the output condition where the unity
power factor control is not achievable. Table 2 shows comparisons between conventional method and
proposed method.

Vg

l Vs(a,b,c) isa
Generation of |y,
s(a, p)|
—3 reference of ake L
reactive power b "
" :
* : ira
0; | i} Y
Pr> Calculation of | m, 6> SVM
m and J | o
L,
[~
——(—{k Oe—t—
T 0 Lc
Iie ' /
—_—
Vluad

Figure 5. Block diagram of the proposed method.
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Table 2. Comparisons between the conventional method and proposed method.

7 of 13

Conventional Method Proposed Method
Output current control Possible Possible
Unity power factor control Impossible Possible
Maximum achievable power factor Impossible Possible

control in light load condition

4. Simulation Results

A simulation was carried out to confirm the performance of the proposed technique and to verify
the power factor control performance by comparing the conventional SVM described in Figure 3 with

the proposed scheme. Table 3 shows the parameters used for the simulation.

Table 3. Parameters for simulation and experiment.

Parameter Value
Input phase peak voltage vs 100V
Input voltage frequency f 60 Hz
Input inductance L; 1 mH
Input capacitance C; 60 uF
Output inductance L, 2.5 mH
Output capacitance C, 40 uF
Load resistance R 2002
Sampling and switching 5 KHz

frequency

Figure 6 shows the simulation results of the conventional SVM and the proposed technique in the
normal condition; Figure 6a shows the simulation result conducted by conventional SVM, and Figure 6b
shows the simulation result obtained by proposed method. As shown in Figure 6a, the conventional
SVM sets the phase of the rectifier input current to the phase of the input voltage, so that there is a
phase difference between the input current and the input voltage. However, as shown in Figure 6b, in
the proposed method, the input voltage and input current are set in phase by setting the reactive power
of the rectifier to compensate the reactive power of the input capacitor through the power-based SVM.
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Figure 6. Simulation in normal conditions: (a) conventional SVM, (b) proposed method.
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Figure 7 is the simulation result under the light load condition where the output power is about
20% of the output power of Figure 6. As shown in Figure 7a, the conventional SVM follows the
reference value of the output current even under a light load, but there is the phase difference between
the input voltage and the input current as in the normal condition. However, in Figure 7b, which is the
simulation result of the proposed method under light load conditions, the input voltage and input
current have the smallest phase difference even under the light load condition.

10 200 150

100

W
(=]

Current (A)
(=)
(=]
oltage (
Current (A)
(=)
Voltage (V)

-50
-100
-150

Current (A)
(3]
Current (A)

0.20 0.22 0.24 0.26 0.28 0.30 0.20 0.22 0.24 0.26 0.28 0.30
Time (s) Time (s)

(a) (b)

Figure 7. Simulation under light load condition: (a) conventional SVM, (b) proposed method.

Figure 8 shows the simulation result of a sudden change in the reference current of the output
inductor. The reference current changes from 3 to 5 A in 0.2 s to evaluate the dynamic performance
between the conventional SVM method and the proposed method. From Figure 8a,b, it can be seen that
there is no difference in the dynamic performance between conventional SVM and the proposed scheme.
In addition, Figure 8b shows not only that the proposed method can accurately follow the rapidly
changing reference current, but that the unity power factor control can also be performed quickly.

10 ;

< 1(5) I I l;xc < 5 lsa Isp g
= , | AAAN ( - 0
= o RS RN, :
R Y 3 -
ST -10

_15 -15

15 Ve 150 15 e 150
_ 100 _ 10 100
< 502 =05 50 &
— p— [0}
5 o 2 B f 0 2
g .50 3 5 -5 o -50 ©
= _100> B -10 -100>
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e 10 7
g 8 L < 8 ‘ S e
] 6 % 6 1
g 4 E 4
A 2 3 2
&) 0 3 0 dc

29 -2

010 0414 0.18 0422 0.26 0430 0.10 0.14 0.18' 0.22 0.26 0.30

Time (s) Time (s)
(a) (b)

Figure 8. Simulation with load step change of 3-5 A: (a) conventional SVM, (b) proposed method.



Electronics 2019, 8, 1427 90of 13

5. Experimental Results

In order to evaluate the performance of the proposed method, experiments were performed using
the conventional SVM and the proposed method in the same manner as the simulation. The experiment
was conducted using the parameters shown in Table 3. The bidirectional switch was implemented
using an insulated gate bipolar transistor (IGBT), where the part number is IXA37IF1200H] and the
rectifier was controlled by a TMS320F28335-based digital signal processor (DSP) board. Figure 9 shows
the experiment setup used.

Matrix rectifier

2| Control board [UGANENE
3 J\
o =i X

)

E \_v'- Output LC filter
B H

\ =]

Figure 9. Experiment setup.

Figure 10 shows the experimental results of the conventional SVM and the proposed technique
in the normal condition. The angle between the input voltage and input current is obtained by zero
crossing points of the input voltage and input current using the oscilloscope. Figure 10a shows the
experimental results of the conventional SVM. As in the simulation, the current of the output inductor
follows the reference value of 5 A, but there is a phase difference between the input voltage and the
input current due to the reactive power of the input capacitor. As a result, the input power factor
of the conventional SVM is 0.90, in which the angle between the input voltage and input current is
26°. However, from Figure 10b, it can be seen that the output inductor current is well-controlled,
and the unity power factor control is achieved by the reactive power reference value of the rectifier to
compensate for the reactive power of input capacitor. The input power factor of the proposed method
is 0.99, in which the angle between the input voltage and input current is almost 0°. In addition,
the frequency analysis shows that the total harmonic distortion (THD) between the two techniques is
almost identical.

Figure 11 shows the experimental results of the conventional SVM and the proposed power-based
SVM under a light load. As in the simulation, in the conventional SVM, as shown in Figure 11a,
the reference value of the output current is followed, but the input voltage and input current are
not in phase. In the light load case, the power factors of the conventional SVM and the proposed
method were 0.32 and 0.85, respectively. The phase between the input voltage and input current in the
conventional method is 71°—a value that is too large. However, in the proposed method, the output
inductor current follows the reference value of 2 A, and the maximum power factor is simultaneously
realized. As a result, the phase difference between the input voltage and input current is reduced
to 32°. Additionally, the THD of the proposed technique under the light load was 16.1%, which is
much higher than that of the conventional SVM. This result is due to the reduction of the fundamental
components of the input current to minimize the phase of the input voltage and input current [18,19].
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Figure 10. Experimental results of time domain and frequency domain in normal condition:
(a) conventional SVM, (b) proposed method. THD: total harmonic distortion.
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PF=0.3 © g, (2 Aldiy) (10 ms/div) (100 mA/div, 1.25 kHz)
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Figure 11. Experimental results of time domain and frequency domain in light load condition:

(a) conventional SVM, (b) proposed method.

Figure 12 displays the experimental results that show the dynamic performance of the conventional
SVM and the proposed method during the sudden change of the reference value of the output inductor
current. Figure 12 shows that, as in simulation, there is no difference in dynamic performance between
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the conventional SVM and the proposed technique. Moreover, the proposed technique shows that the
output inductor current rapidly follows the reference value and maintains the unity power factor in
the step change of the inductor output current.

1 ;.5 Adiv)

. | Vsg (50 Yidiv)

I e A/div)”

Vg (50 Vidiv)
»

MMM s

(5 A/div)

a

VI, (5 A/div) (0 ms/div) | sa (20 ms/div)

Step change occurs Step change occurs

(@) (b)

Figure 12. Experiment results in load step change: (a) conventional SVM, (b) proposed method.

Figure 13 shows the simulation results and the experiment results under the normal and light load
conditions of the proposed method. Figure 13a compares the simulation results with the experiment
results of the proposed method under the normal load condition. As the simulation results, it can be
confirmed from Figure 13a that the input voltage and input current are controlled in phase and that the
current of the output inductor follows the reference value well in the experiment results. Figure 13b
shows the simulation results and the experiment results of the proposed method under light load
condition. From Figure 13b, it can be seen that MAPF is obtained by minimizing the phase difference
between the input voltage and the input current in both simulation and experiment.
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Figure 13. Comparisons between simulation results and experiment results of the proposed method in
(a) the normal condition and (b) the light load condition.
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6. Conclusions

In this paper, a novel SVM method based on the active and reactive power of a matrix rectifier
was proposed. In the conventional SVM, the modulation index and phase required to drive the SVM
were obtained from the PI controller to control the output inductor current and phase of the input
voltage. However, this approach makes input power factor control unintuitive. In the proposed
scheme, the modulation index and phase were calculated using the active and reactive power of the
rectifier for intuitive power factor control. The active power reference for the rectifier was obtained
from the PI controller, the output inductor current, and the reference of the output inductor current.
In order to compensate for the reactive power of the input capacitor and to achieve the unity power
factor, the reference of the rectifier reactive power was set to the negative value of the reactive power
of the input capacitor. Under light load conditions, where unity power factor control was not possible,
the MAPF was obtained by setting the reference value of the rectifier reactive power to the maximum
reactive power that the rectifier can produce. The advantage of the proposed technique is that it can
directly achieve the unity power factor using power-based SVM, and in the light load condition, MAPF
can be accomplished by supplying the maximum reactive power of the rectifier. The simulation and
experimental results confirm the performance of the proposed method.
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