Industrial Electronics
UDC 621.314

https://doi.org/10.20998/2074-272X.2022.4.03

D.S. Krylov, O.I. Kholod

Determination of the input filter parameters of the active rectifier with a fixed modulation
frequency

Goal. Development of a methodology for calculating the parameters of the active rectifier-voltage source input filter operating with
a fixed modulation frequency to ensure electromagnetic compatibility with the supply network acceptable by standards at minimum
values of the input inductance and checking its main characteristics on a mathematical model. Methodology. The authors have
developed a methodology for calculating the parameters of the input filter of an active rectifier-voltage source. The calculation
results are verified on the constructed mathematical model of a frequency converter, the scheme of which is an active rectifier and an
autonomous voltage inverter. A series of experiments was carried out on a mathematical model to study the dependence of the total
harmonic distortion of current and mains voltage on the value of the input inductance for various parameters of the input filter.
Results. The structure and calculation procedure the input filter of an active rectifier operating with a fixed modulation frequency
are proposed. The simulation results showed that the inclusion of a filter at the input of the active rectifier significantly improves its
electromagnetic compatibility with the supply network in the entire range of variation of the input inductance of the circuit and
makes it possible to achieve the values of the total harmonic distortion permissible by the norms. Originality. A structure and a
calculation procedure the input filter of an active rectifier-voltage source operating with a fixed modulation frequency are proposed.
Practical significance. The dependencies obtained in the article allow us to evaluate the relationship between the parameters of the
filter elements and its characteristics among themselves and come to a compromise between them when designing a scheme for
specific technical conditions. References 12, tables 1, figures 13.

Key words: input filter, active rectifier, autonomous voltage inverter, output filter, Q factor, pulse-width modulation, total
harmonic distortion.

B cmammi 3anpononosano cmpyxmypy ma memoouxy po3paxyHKy 6XiOH020 Qinbmpy akmuHO20 UNPAMIAYA-Odcepend Hanpyau,
AKUll npayioe 3 Qikcosanor uacmomoio mMooyaAyii. Ompumani 3a1eHcHOCmi 003801AI0Mb OYIHUMU 63AEMO36'130K napamempis
enemenmie Qinbmpa ma 1020 XapaKmepucmux Mixc cobor ma Oitlmu KOMAPOMICY MidC HUMU NIO 4ac NPOeKMy8aHHs cxemu 0/
KOHMKpemHux mexuiunux ymos. Pezynomamu mooeniosanua nokazanu, ujo ekaodents dooamxosozo nanyioea RC ginempa na 6xo0i
AKMUBHOO BUNPAMIAYA ICMOMHO NOKPAUWYE U020 eNeKMPOMASHIMHY CYMICHICIb 3 MePedlCcerO JCUBTICHHS Y 6CbOMY OlANA30HI 3MIHU
6XIOHOT IHOYKMueHOCMi cxemu ma 0036074€ 0ocseamu OONYCIMUMUX HOPMAMU 3HAYEHb CYMAPHO20 KOe@iyicHmy 2apMOHIYHUX
cnomeopens. bioin. 12, Tabn. 1, puc. 13.

Kniouogi cnosa: BXinnuii ¢inbTp, aKTHBHMII BUNPAMJ/IAY, ABTOHOMHMIA iHBepTOp HANpyru, BUXiAHUi (GiiIbTP, N0OPOTHICTS,
LHIHPOTHO-iMIy/IbCHA MOAYJIALSA, CyMAPHHUIi Koe(pillieHT rapMoOHiliHMX CIIOTBOPEHb.

Introduction. Active controlled rectifiers — voltage
sources (ARVS) are increasingly being used as input
converters of industrial drives of medium power based on
autonomous voltage inverters (AVI). They have
significant advantages over uncontrolled diode rectifiers:
they provide a two-way energy exchange between the
motor and the mains; an almost sinusoidal current shape
on the side of the supply network with zero or any given
shift relative to the phase voltage [1, 2]. The completeness
and quality of the implementation of these advantages
depends on the selected scheme key management
algorithm and the structure of its control system [3, 4].
Here, it is possible to use various concepts that have their
own advantages and disadvantages. According to the key
control algorithm used, ARVS schemes are with a fixed
and variable modulation frequency. This imposes its own
peculiarities on the choice of parameters of the elements
of the power circuit and the structure of the control
system used. In [5, 6], the authors analyzed the operation
of the main structures of control systems (CS) of ARVS
with a fixed modulation frequency and proposed a new
structure of the CS based on the theory of representing
instantaneous currents and voltages of a three-phase
network in the form of generalized vectors [7, 8]. The
analysis showed that a serious problem is high-frequency
distortion of the mains current and voltage of the circuit,
the value of which depends both on the modulation
frequency and on the value of the input inductance of the
circuit. To reduce them, it is desirable to use an additional
RC circuit in the input filter by analogy with the structure

of the AVI output filter, the definition of parameters and
efficiency criteria of which is proposed in [9]. In the
literature reviewed by the authors, such a study in relation
to the ARVS input filter was not revealed.

The goal of the work is to develop a methodology
for calculating the parameters of the ARVS input filter
operating with a fixed modulation frequency to ensure
electromagnetic compatibility with the supply network
acceptable by the standards [10] for given values of the
input inductance and to check its main indicators on a
mathematical model.

Structural diagram of the converter. The
structural diagram of the medium power frequency drive
under consideration based on an autonomous voltage
inverter using a three-phase ARVS in the input circuit is
shown in Fig. 1.
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Fig. 1. Structural diagram of the frequency converter with ARVS

It consists of: a three-phase alternating voltage
source ug; a converter transformer 7; ARVS input reactors
combined with an LPF filter that suppresses high
frequencies; an active rectifier AR made according to the
bridge circuit on the keys of alternating current; a
capacitor C in the intermediate DC circuit; a three-phase
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bridge independent voltage inverter /nv also made
according to the bridge circuit on alternating current
switches; an output filter LPF suppressing high
frequencies; a three-phase symmetrical active-inductive
load Load.

Having considered the structure of the converter in
Fig. 1, it is easy to verify that it is circuit symmetrical
with respect to the DC link, namely: a three-phase
alternating voltage acts at the input and output of the
circuit, and the energy flow can be carried out both from
the source to the load and vice versa; ARVS and AVI
circuits are made according to the same three-phase
bridge circuit on alternating current switches and operate
with the same fixed frequency of pulse-width modulation
(PWM) for the same installed power of these links. The
PWM frequency in this case is determined by the
allowable losses in the keys with the cooling system used.
Thus, it can be assumed that the influence of both
converters on their AC links will be of the same nature
and the methods of dealing with its negative factors may
be similar.

Output filter of an autonomous voltage inverter.
The output voltage of the AVI operating in the PWM
mode consists of segments of the DC link voltage
connected to the load with a modulation frequency. High-
frequency voltage pulses can have different duty cycles
depending on the shape of the control voltage generated
by the CS. Therefore, the output voltage of AVI with
PWM can be represented as the sum of the fundamental
harmonic, which changes with the control voltage
frequency ay, and higher harmonics, the highest of which
will change with the modulation frequency ay. All
harmonics other than the fundamental are unwanted and
must be filtered out.

Figure 2 shows the circuit of the connected between
the inverter and the load, which was proposed and
discussed in detail in [9].
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Fig. 2. AVI output filter

It consists of a throttle connected in series with the
load, which creates a sufficiently large resistance for the
higher harmonics of the phase current, reducing their
value at the filter output. However, the load also has an
inductance, on which a part of the higher harmonics of the
AVI output voltage will be allocated, proportional to the
ratio of the load inductance to the total phase inductance.
To increase the efficiency of the filter, it is necessary to
create a parallel path with low resistance for the current of
higher harmonics at its output, which will reduce the
voltage drop from their flow at the load terminals. To do
this, capacitors are connected in parallel with the load. To
reduce the risk of self-oscillations, damping resistors are
connected in series with the capacitors. The quality factor

of the resonant circuit of the filter is determined by the
expression
L/C |
0 z (M
and can be taken in the range of 0.5-1 [9] for efficient
damping of self-oscillations.

The presence of a resistor reduces the efficiency of
the circuit due to energy losses in it. Therefore, the
calculation of the filter parameters is aimed at reducing
these losses with a sufficient filtering coefficient, which
shows how many times the filter attenuates the higher
harmonic with the modulation frequency.

It is known from [9] that for the filter in Fig. 2,
configured to suppress the higher harmonics of the output
voltage of AVI with PWM, there is an optimal filtering
coefficient Ky, which ensures the minimum value of total
losses in the filter. It can be defined by the expression

K 10 =0wy U, , 2)

where Q is the filter quality factor; a);,[ = wy / ay is the

relative modulation frequency; U, Z) = U, / Uy is the

relative voltage of higher harmonics at the filter input;
U, and U, are the effective values of voltages with PWM
frequency and with the main frequency at the filter input,
respectively.

Thus, the achievement of the maximum value of the
optimal filtration coefficient Ky when setting the filter
parameters will be an indicator of its effectiveness.

When the filter operates with the optimal filtration
coefficient Ky, the relative value of the power losses in it
is found as

* P * 2
P = =U, - , 3)
Sbase KfO Ty 'KX

where Sy = U, -1 is the load phase base full power; U, and
I are the rated effective values of voltage and current of the
load phase, respectively; Ky is the coefficient that determines
the ratio between the reactive power of the throttle and the
active power of losses in the filter. It follows from [9] that
the value Ky can be taken in the range of 10-20.

Given the value Ky, it is possible to determine the
relative value of the inductive resistance of the throttle

X z in the form
x; =2t kP @)
z base
where Z,,, = U; / I is the load phase base impedance; L is
the filter throttle inductance.
The relative resistance of the filter resistor is then
determined by the formula

* *
* R _XL'CUM

R = , (5)
Zbase KfO
and the relative conductivity of the capacitance — as
*
* X
bC:CDO'C'Zbase:—L*Zﬂ (6)
(Q-R)

where C and R are the capacitance of the capacitor and
the active resistance of the filter resistor, respectively.
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Thus, given the values O, U Z) and Ky, from (2)—(6)

it is possible to calculate the values of inductance,
capacitance, active resistance and power losses in the
filter. Here, acceptable power losses in the filter are

provided at a relatively high value a);,[ >40, which can be

easily implemented on the modern element base of
medium power converters [11].

Input filter of an active controlled rectifier. The
main difference between the ARVS input circuit and the
AVI output circuit is that there may not be a filter at the
inverter output (its function, to some extent, will be
performed by the inductance of the stator winding of the
AC machine), and at the ARVS input, the throttle must be
present by operating conditions of the scheme. The
voltage drop across it, formed as the difference between
the voltage of the power source and the voltage at the
input of the circuit in the switching interval, forms the
required shape and phase of the envelope of the network
current of the circuit at the frequency of the supply
network. In this case, as in the AVI, the input voltage of
the active rectifier consists of segments of the DC link
voltage connected to the input of the circuit with a
modulation frequency.

It is known [12] that when the ARVS operates with
a fixed modulation frequency, the value of its input
inductance can lie within wide limits, ensuring the correct
operation of the converter. From the point of view of
weight, size and cost characteristics of the converter, it is
desirable to reduce the value of the input inductance.
However, here the qualitative indicators of the operation
of the circuit suffer — the frequency distortion of the
mains current and supply voltage increases. As well as at
the output of the AVI, the input inductance of the ARVS
also serves as a filter of higher harmonics generated by
the converter into the mains. Its ability to suppress higher
harmonics in the mains current and voltage will depend
on the ratio of the inductance of the supply network at the
point of connection to the total inductance of the phase,
taking into account the value of the ARVS input throttle.
Since in practice it is often difficult to determine the
inductance of the supply network at the connection point
of the converter, it is desirable, by analogy with the AVI
output filter, to provide a parallel path with low resistance
at the converter input for the flow of higher harmonic
currents. Thus, the ARVS input filter circuit shown in
Fig. 3, in composition and principle of operation, will be
completely similar to the output filter circuit and, when
ARVS operates with a fixed modulation frequency, the
relationships for its calculation will be the same.

L
AN
3\ A~~~ Jl:ag L
/ A~ 1
T R [0 [ 1R AR
S e
| I W

Fig. 3. ARVS input filter

The fundamental difference between the method of
calculating the input filter and the one given above is that
the value of its inductance is set when calculating the
ARVS circuit. We modify the algorithm for calculating
the filter of higher harmonics of the active rectifier of
Fig. 3 for a known value of its input inductance:

e knowing from the calculation of the ARVS circuit
the values of the nominal effective values of the voltage
and current of the network phase Uy and [, the circular
frequency of the source voltage @s, as well as the
inductance of the input reactor of the circuit Lg, by (4) we
determine the relative value of the inductive resistance of

the throttle X Z as
R
Xp, =——&, ™)
ZSbase
where Zg,,. = Us/ I5 is the basic phase impedance;
e given the value Ky from (4) we obtain an
expression for the power losses in the filter

P, = Ssbase 'XLR
Kx
where Sg.se = Us Is is the phase base full power;
¢ jointly solving (2) and (3) we obtain a formula for

determining the relative voltage of higher harmonics at
the filter input

; ®)

P0* K2 0t
U* _ USa) _3 S x_ SM (9)
So — - >
US 4'SSbase
where a)ng = wgs / ws is the relative modulation

frequency of ARVS; Ug, is the effective phase voltage
values with PWM frequency at the filter input; ws, is the
circular frequency modulation of ARVS.

Here, the quality factor of the input filter circuit Q is
usually taken in the same range of 0.5—1 [9] as that of the
output filter.

e using (2), we determine the optimal filtration
coefficient Ko corresponding to the minimum value of
total losses in the filter

K ;50 = Oy osyr Usy s (10)

e the resistance of the filter resistor is determined
from (5)

ZSpase * XLR " Wg,
R, = ,

(1)

and its capacity — from (6)
*

Zspase X1 R
w5 (0-Ry)°

Having previously calculated the basic values Sgpgs.
and Zg,., using (8), (11) and (12) it is possible to obtain
the value of the power losses in the filter Py, as well as the
values of the active resistance Ry and capacitance C,of the
ARVS input filter in absolute units. Their value will
depend on the accepted inductance of the filter input
reactor Ly at given values of O and K. Let us obtain these
dependencies on the example of a specific converter.

The structure of its power circuit corresponds to
Fig. 1, and the parameters are taken the same as

Cr= (12)
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in previous studies conducted by the authors on this
topic [5, 6, 12]:

e a three-phase alternating voltage source with a short
circuit power 150 MVA and a line voltage level of 6 kV;

e a transformer 6 kV/0.4 kV, power 1| MVA;

¢ a DC link capacity 28 mF;

e ARVS and AVI bridge circuits operate in the
sinusoidal PWM mode with a modulation frequency of 4 kHz;

e ARVS operates with a vector control system, and
the AVI control system supports the allocation of active
power at the level of 315 kW in an equivalent RL load for
any circuit operation mode.

n [12], the required value of the input inductance
for such a converter structure was calculated and it was
concluded that for the effective operation of the ARVS
circuit, its value can be taken in the range of 100-600 pH.

Since the main criterion for calculating the filter is fo
achieve the maximum value of the optimal filtration
coefficient K50, which ensures the minimum value of the
total losses in the filter elements, from (8) we construct
the dependence of the power losses on the value of the
input inductance and coefficient K. In this case, as for the
input filter [9], we take the value Ky in the range of
10-20. The dependence is shown in Fig. 4.

I

100 200 300 400 500
Fig. 4. Dependence of the power losses in the filter on the value
of the input inductance

From Fig. 4 it can be seen that with increasing Ky,
the power losses in the filter decrease. Therefore, we
construct dependencies for capacitance and active
resistance on the value of the input inductance of the filter
and the quality factor of its circuit at the maximum
accepted value Ky = 20. They are shown in Fig. 5, 6.

C,, uF =] L
f 0 L
31 K=20 _—— —]
//
i L,, pH
100 200 300 400 500 600

Fig. 5. Dependence of the filter capacitance on the value of the
input inductance at Ky= 20
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Fig. 6. Dependence of the filter resistance on the value of the
input inductance at Ky =20

Also, according to (10), we obtain the dependence of
the optimal filtering coefficient Ko on the inductance
and quality factor of the resonant circuit of the filter,
shown in Fig. 7.

10 Ko 0=1
K,=20 < = 0-08
p 0=0.6
LR, nH
100 200 300 400 500 600

Fig. 7. Dependence of the optimal filtering coefficient on the
value of the input inductance at Ky =20

From Fig. 5-7 it can be seen that an increase in the
quality factor of the resonant circuit of the filter leads to
an increase in its optimal filtering coefficient Ky, as well
as to an increase in capacitance and a decrease in the
active resistance of the filter with an increase in the input
inductance of the ARVS. Within the framework of the
calculation algorithm under consideration, according to
(8), the power losses in the filter do not directly depend
on its quality factor. Based on the above, we can conclude
that it is desirable to increase the quality factor of the
resonant circuit of the filter. However, this increases the
risk of self-oscillations. For completeness of the analysis,
we construct the same dependencies for a fixed quality
factor Q = 0.8 and various values of Ky. They are shown
in Fig. 8-10.
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Fig. 8. Dependence of the filter capacitance on the value of the
input inductance at Q = 0.8
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Fig. 9. Dependence of the filter resistance on the value of the
input inductance at Q = 0.8

. —
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Fig. 10. Dependence of the optimal filtering coefficient on the
value of the input inductance at Q = 0.8

300

Comparing Fig. 7 and Fig. 10 it can be seen that a
change in the quality factor of the resonant circuit Q has a
greater effect on the value of the optimal filtering
coefficient Ko of the filter than a change in the
coefficient Ky. Here, an increase in Ky leads not only to a
decrease in the power losses in the filter, but also to a
decrease in its capacitance with the same input
inductance. Therefore, when designing the ARVS input
filter, it can be recommended to take the maximum values
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of Ky and Q to increase its efficiency. Let s check it on
the mathematical model of the converter.

Modelling the operation of the circuit. The
modelling of the studied converter system was performed
in the MATLAB/Simulink software package. The

external view of the power circuit of the model is shown
in Fig. 11. It fully corresponds to the structure shown in
Fig. 1 and has the set parameters of the source, load,
converters and control systems described above, when
obtaining theoretical dependencies.
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Fig. 11. MATLAB model of the ARVS power circuit

It is known [5] that the voltage at the terminals of
the ARVS network phase u;, is determined by the
difference between the phase voltage of the power source
u and the voltage drop at the input throttle from the phase

value of the input inductance are plotted, which are shown
in Fig. 13. Also in Fig. 13 the dotted line shows the values
of THD; and THDy, allowed by the norms [10], which are
5 % and 8 %, respectively.

current is flowing through it. That is, at any time Table 1
di Experimental data of the study
S - .
uy =ug—uy, =us—Lp 4 (13) THD, Filter reactor inductance, pH
, o o % 100 | 200 | 300 [ 400 | 500 | 600
Figure 12 shows the machinodiagrams obtained in Without RC filter
the model by (13) for the operation of the ARVS without THD, | 743 | 414 | 291 | 225 185 1 1.60
an additional RC circuit of the low-pass filter. It can be THD, | 18.07 | 1026 | 7.14 | 5.45 | 439 | 3.65
seen from them that the instantaneous voltage u at the 0=0.6,K, =20
terminals of the phase of ARVS operating with a fixed THD, | 7.27 399 | 274 | 2.12 1.73 | 1.49
modulation frequency, is formed similarly to the voltage THDy | 142 7.75 5.43 4.21 344 | 291
at the output of the AVI with PWM. Here, the relative 0=1.0,K.=20
position of the mains current, as well as of the first THD, | 6.63 349 | 241 1.87 1.55 | 1.35
harmonics of the ARVS input voltage uy;, and the throttle THDy | 1174 | 635 | 446 | 347 | 286 | 2.44
voltage u;(;) relative to the sinusoid of the mains voltage s - THD: %
us, indicate the correct operation of the circuit in the full ' m THD; (without RC filter)
reactive power compensation mode. 6
600 g & i ug ' —_— ._THE(Q:OﬁE:‘ﬂ —_ -
200
200 4 B THD;(0=1.0, Kx=20)
-600- I i I |
300 up &up,y I ] uy | 2
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jzg“”&”"”’ ~IIE i [ ‘i"' i i R "u 20 7THDy. %
200t et LUl W THDy; (without RC filter)
-400. gL i i T 16 -
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 s ® THD Y(Q=O 5 Kx=70)
Fig. 12. Machinograms of the circuit operation 12 vRETES -
) ) ] B THDy (0=1.0. Kx=20)
With the help of the model in Fig. 11, the g - - - .
dependencies of the total harmonic distortion factor of
current (THD;) and voltage (THDy) of the phase at the 4 1
input of the converter on the inductance of the ARVS .

input reactor were obtained. The studies were carried out
for the case of the absence of an additional RC low-pass
filter circuit in the ARVS input circuit, as well as for the
use of a full-fledged input filter according to the structure
of Fig. 3, tuned according to the proposed method for the
coefficient Ky = 20 at two values of the quality factor of
the resonant circuit: Q = 0.6 and O = 1. The results are
given in Table 1.

According to Table 1 the graphic dependencies of
THD; and THD, at the converter connection point on the

100 200 300 400 500 600 Lz pH
Fig. 13. Graphical dependencies of THD; and THDy,

Conclusions.

1. A new technique is proposed for calculating the
parameters of the input filter of an active rectifier — a
voltage source operating with a fixed modulation
frequency. It is based on the identity of the effect of
ARVS and AVI, which are part of the overall structure of
the frequency electric drive, on their AC links.
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2.In the paper, the authors obtained calculation
relationships for determining the values of the active
resistance and capacitance of the input filter, as well as
the value of the power losses in it in absolute units,
depending on the given value of the input inductance of
the ARVS. Relationships are constructed that allow
estimating the interrelation between the parameters of the
filter elements and its characteristics and reaching a
compromise between them when designing a circuit for
specific technical conditions.

3. Mathematical modelling in an object-oriented
software environment has shown that the inclusion of an
additional RC circuit of the input low-pass filter
significantly improves the electromagnetic compatibility
of the ARVS with the supply network in the entire studied
range of the input inductance of the circuit, allowing
already in the first third of it to reach the allowable values
of the total harmonic distortion factor of current and
voltage of the source.

Contflict of interest. The authors declare no conflict
of interest.
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