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currents distortion, and also of power factor of frequency
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I. INTRODUCTION

Currently modern frequency converters (FC), made
according to the scheme “uncontrolled rectifier — pulse-width
modulated autonomous voltage inverter” (UR-PWM AVI),
are widely used. They provide perfect static and dynamic
characteristics of variable frequency drives with a total
power of up to several thousand kilowatts, which used, for
example, in electric propulsion systems and dynamic
positioning of marine vessels and floating structures or in
techno-logical installations of offshore drilling platforms [1,
2]. At the same time, the presence of an inverter with DC-
link in autonomous and non-autonomous electric power
systems (EPS) complicates the nature of electromagnetic
processes and the conditions of electromagnetic
compatibility (EMC).

The decrease of system power quality in EPS with
semiconductor converters is caused by two factors: a phase
shift between network voltage and fundamental harmonic of
consumed current, and the consumed -current higher
harmonics presence. The influence of the first factor can be
significantly reduced by replacing thyristor-controlled DC
drives with AC drives based on FC according to the UR-
PWM AVI scheme. However, this aggravates the problems
associated with the second factor namely the non-
sinusoidality of the FC input current and the corresponding
distortions in the supply voltage. These distortions are due to
the functioning of two FC circuits with power switches: UR
and PWM AVI. PWM AVI generates conductive radio-
frequency (RF) electromagnetic interference (EMI) into the
supply network because of using PWM at a high carrier
frequency of 10-20 kHz. The task of RF EMI reduction for
variable frequency drives is the scope of a separate study.
The permissible levels of RF EMI are regulated by special
international standards (for example, EN 61000-6-1; EN
61000-6-2; EN 55014) and are pro-vided using special
lightweight interference filters [3].

In accordance with the state standard GOST 13109-97
adopted in Ukraine, as well as international European
standards (EN 50160 and EN 61000-2-2), the satisfactory
non-sinusoidality indexes (the coefficients of individual
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harmonics and THD) of network voltage which is supplied to
FC are mainly determined by low-frequency harmonics (up
to and including the 40th). Some international standards (EN
61000-3-2 and IEEE 519-1992) also regulate limit levels for
such indexes for consumed current [4].

The effect on the network of powerful rectifiers with
perfectly smoothed rectified current 7, has been studied quite
fully in paper [5].

UR which is a part of an FC with the most common
capacitive smoothing filter, mainly operates with a smoothed
rectified voltage U,, as a result the ripple of the rectified
current i; is increased. Due to an increase in the non-
sinusoidality of the consumed current, the power factor of
FC is decreased and FC EMC performance with respect to
the supply network worsens, the study of this mode is of
undoubted theoretical and practical interest.

Many manufacturers remove electromagnetic elements
such as smoothing chokes and UR input reactors from FC
design to reduce its weight, size and cost. In the existing
market for electronic components, smoothing chokes and
reactors are options and are purchased at an additional cost,
which is quite high and makes up 30% of the FC cost [6].
Only after detecting an EMC violation during operation, FCs
are additionally equipped with electromagnetic elements
which are the part of the UR input and output filters [7, 8].

The voltage and current distortion evaluation of EPS with
DC-linked FC is very important for deciding on the use of
additional UR input and output filters at the design stage.
These questions are actively considered by authors [9, 10,
11]. At the same time, due to the growing power of
frequency-controlled electric  drives and increasing
requirements for their EMC, the advanced methods for
calculating the relevant indexes should be further developed
and generalized.

A. Research Tasks and Objectives

The purpose of the current work is to obtain generalized
analytical expressions and graphical dependencies for
determining the non-sinusoidality indexes of input voltages
and currents, as well as the power factor of UR with a
capacitive smoothing filter. The expressions obtained are
necessary for EMC evaluation of FC with a DC link to
supply network. Achieving this goal involves solving the
following tasks:

1. Development of mathematical model and analysis of
electromagnetic processes in UR at various values of the
rectified voltage.



2. Harmonic analysis and determination of non-
sinusoidality indexes of UR input voltages and currents.

3. Study of the energy characteristics of the DC-linked
FC and comparing them for circuits with capacitive and
inductive-capacitive smoothing filters.

II. MATHEMATICAL MODEL AND ELECTROMAGNETIC
PROCESSES ANALY SIS

The generalized circuit of the system “power supply
network - frequency converter — asynchronous machine
(AM)” and the corresponding equivalent circuit for
evaluating the inverter influence on the network are
presented in Fig. 1, a, b respectively. In an equivalent
circuit, the power supply is represented by a three-phase
system of sinusoidal EMFs and short-circuit reactances X;.
The equivalent circuit also includes a matching transformer
TR with transformation coefficient K+=W,/W,; reactance X,
is determined from the short circuiting experiment of TR
secondary winding. Assume that the UR is made in
accordance with a three-phase bridge circuit, and the filter
capacitance C; is large enough so that the rectified voltage
U, contains only a DC component. This assumption allows,
in accordance with the compensation theorem, to consider
the AVI — AM system as an equivalent EMF U;r=U;Kr
referred to the primary transformer winding and placed in
the UR load circuit. Instantaneous value of equivalent
rectified current 1S iyz=i;/Kr.
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The analysis is performed for phase A of the system.
The instantaneous value of the FC input phase voltage (UR
input) ug. is defined as the difference between the source
EMF and the voltage drop Aug. across the reactance
Xi=X+Xr, due to phase current i flow:

urp, = Epsin® — Aug,, (1

where urp, = Xxdi/dO, 0 = ot.

Depending on the U,z value, three UR operation
modes are possible, each of which is characterized by a
different number of conductive switches on the continuity
intervals: mode 2—3, mode 0—2-3 and mode 0-2.

Using the superposition method to analyze the
equivalent circuit (Fig. 1, b) at the intervals of UR
continuous operation, analytical expressions of uz. and Aug,

for each of the operation modes can be obtained. These
expressions are presented in Table L.

The waveforms of phase EMF, voltages, and currents
at the UR input for the modes mentioned above are
presented in Fig. 2, a, b, ¢ respectively. It should be noted
that the rectified current i, in the first mode is continuous,
and in the second and third modes is discontinuous.

Mode 2-3. In the expressions for the continuity interval
boundaries, the following notations are used: A — the shift
angle between the natural switching points of the UR
switches at idle state and under load, y — the commutation
angle.

The angle A can be defined as the difference of the
abscissas corresponding to the points of intersection of the
phase EMF and voltage [12]:

A = arcsin(U " 4z/\3) — /6, ()
Where Use =U / \/5 E, - rectified voltage relative

value.

The commutation angle is determined by the equation
obtained from the periodicity condition of the rectified
current [12]:

[l/ﬁJcos(A +y/2)sin(y /2+7/3)-Ul [z +7]/6=0- (3)

Based on the analysis of the rectified current
waveform, its average value I,z in fractions of the
amplitude of short-circuit current in switching circuit loop is
found from the expression

I;Fc = 21chXK/(\/§Em):

_81L zlsin(z-kA-kZ)sinZ-k 4)
7|3 3 6 2) 2

+ [\Eﬂ/6]cos(7r/3+ A+y)+[y/2]cos(A+7/6)+
+sin(A+y/2)cos(y /2 -7 /6)~ I:U;FC /361#2 +3y7 + 47r;/)]}

The continuous rectified current mode 2—3 corresponds
to the condition U’y < U e bens U ire »en 18 the value of the
rectified voltage (in p.u.) corresponding to the initial
discontinuous current that occurs at the boundary of modes
2-3 and 0-2-3, when its minimum value is iy y;, = 0.

Considering that current i; minima occur at the
conduction intervals of two switches and, taking into
account, for example, interval 2 (Table I), the condition of
the initial discontinuous current can be obtained.

£+A+y
. . 1]° O ) 5)
Ly min = L2 min :Xix ”IA“1d9+ i J‘Auzdﬁ =0

E‘rA E+A+y

Where 6,,;, — the actual angle which corresponds to the
minimum in the considered interval. From the necessary
minimum condition i ',(0) = 0 it follows that [12]

Opmin = arcsinl 4z — /6. (6)
Based on (5) and (6) it follows that

(1/V3)2sin(z/6+ A+ y/2)siny 12+

+<ﬁ/21cos(ﬁ/3+A+7)—mu+ "

+Us 112}z +6A+ 2y —66,,)=0

min



TABLE L.

Interval Switch 0 A
No conduct. UFeN UreN
1 1,5,6 m6+A<O<T6+A+y Uur/3 E,sinb — Uyr/3
2 1,6 mo+A+y<O<T2+A [E,/2]sin(0 — /3)+Uyp/2 [V3/2]" E,sin(0 + 11/6) — Uyrl2
e
& 3 1,2,6 m2+A<O<mn2+A+y 2Uq4r/3 E,sin® — 2U,f/3
D
<
§ 4 1,2 m2+A+y<0<51/6+A [E,/2]sin(0 + 1t/3)+Uyr/2 [(V3/2]: E,sin(0 — 1/6) — Uyg/2
5 1,2,3 St/6+A <O0<5n/6+A+y Uarl/3 E,sin® —Uyr/3
6 2,3 Sa/6+A+y<0<Tn/6+A E,sin® 0
1 1,5,6 m6+A<O<TO6+A+y Uur/3 E,sinb — Uyr/3
2 1,6 o+ A+y<O<T/6+A+y+d [E,/2]sin(0 + 1t/3)+Uyr/2 [V3/2]" E,sin(0 + 1/6) — Uyrl2
3 - m6+A+y+3<0<0; E,sin® 0
e
g 4 1,6 0,<0<mn2+A [E,/2]sin(0 — 7/3)+Uyr/2 [V3/2]" E,sin(0 + 11/6) — Ugrl2
D
é 5 1,2,6 | m2+A<0<m2+A+y 2Uu3 E,sin® — 2Ur/3
6 1,2 m2+A+y<O<T2+A+y+d [E,/2]sin(0 + 1t/3)+Uyr/2 [(N3/2]: E,sin(0 — 1/6) — Uyg/2
7 - mW2+A+y+8<0<m/3+6 E,sin® 0
8 1,2 0, +7m/3<0<5m/6+A [E,/2]sin(0 + 7t/3)+U,r/2 [V3/2]" E,sin(0 — /6) — Uyr/2
1 1,6 0,<06<6, [E,/2]sin(0 — 7/3)+Uyr/2 [V3/2]" E,sin(0 + 1/6) — Uyrl2
2 - 0,<0<m/3+6, E,sin® 0
[\
=) 3 1,2 /3 +0,<0<mn/3+0, [E,/2]sin(0 + 1t/3)+Uyr/2 [\/3/2]' E,sin(0 — w/6) — Uyr/2
]
<
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Solving (7) it can be obtained that U’ gz pgn = 0,949.

Mode 0-2-3. The phase current in this mode is
continuous in the interval 6; <0 <mn/2 + A+ y and is equal to

zero at the boundaries of this interval. Therefore

£+A
1 2
| =—

X

K

s
—+A+
2 14

[Audo+ [Audo|=0"
)

£+A
2

(8)

The beginning of interval 4 (Table I) is determined from

the equation 8, = arcsinU 4. — /6.

From (8), we can obtain an equation that implicitly

determines the commutation angle y for the mode 0-2-3, as

follows

cos(6, +7/6)—cos(A+27/3)—4/+/3

)

*

xsin(A+y/2—7/6)sin(y/2)- Ul (z/2+A+[2/3]y -6,)=0



The final value U sz ona corresponding to the boundary of
the modes 0—2-3 and 0-2 is determined from (9) under the
condition y =0, i.e.

cos(6, +7/6)—cos(A+27/3)~U,,.(x/2+A-6)=0 ,(10)

where from U" dFeend = 0,958.

The duration § of the interval 2 of the conductivity of two
switches following the interval 1 of the conductivity of three
switches is determined by the expression

i(A+7r/6+;/+5):
an
=—| [Audo+ IAu do|=0,
% A g+A+y
which corresponds to an equation that implicitly
determines &
%sin(AJr%Jrgjsin%Jr (12)

b3 5). 6 U,
+sin| A+ +y+— [sin———4<(2y+35)=0
( St 2) S e-(2r+35)

The average value of the rectified current in the mode 0—
2-3is:

T o
—+A+y+0
> 4

' 6X, jide =

dFe = 7[\/§Em )
=[3/x(x/2=A-6,+y+5)cos(6, + x/6)+
(}/+5)sin(7z/6+A)+[4/\/§]sin(7/2)[sin(A+7/2)+ (13)
+8cos(A+y/2)]~[cos(z/6+A)—sin(z/6+6,)+
+[2/\@]ysinA] Sleos(z/3+A+y+5/2)-
Ul J05(z/2+a-6,) +
+(y+0)m/2+A-0,)+[2/3) +[4/3]5 +0.55° ]}

—cos(z/3+A+y)]-

Mode 0-2. In this mode, the duration A, of the
conduction intervals of the switches two at a time is
determined from equation [12]

Aosiny = cosy — cos (Y + Ay), (14)

. *
where y = arcsinU 4.

The beginning and end of interval 1, on which the
swithes VD1 and VD6 conduct current (Fig. 2, c), are equal
to 0, and 6, = A + 0, respectively. The average value of the
rectified current in mode 0-2 is

0,

\/7Em ;!-1 do =

= —{(92 -6, )cos[a +f] -
z 6
— 2COS(M + Ej sin(uj _%(92 -6, )2
2 6 2 2

According to (4), (13) and (15) Fig. 3 shows the universal
dependencies for the rectifier: operating characteristic
U 7. f(l arc) and load characteristic U are=f(P ch)

Here P° are=P ch/SS,C, =P chI dre- 18 the relative value of
the active load power in fractions of the power of the three-
phase short circuit in UR connection terminals: S;. =
3E,,,2/(2XK). The rectifier load is caused by the active power

(15)

consumed by the AM (the AVI losses are neglected).
Therefore, the dependences U'pe= fl'gr) and U'gr=
AP i) uniquely determine the mode of UR as a part of FC.
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The values of the rectified current and load power
corresponding to U are_bgr- And U’ dFe end- At the modes
boundarles are: I dFe bgn = 0,011, I dre end = 0,008, Pch ben-=
0,011, P40 ona.= 0,007.

According to (3) and (9) fig. 4 shows the dependence plot
Y f(U arc) for modes 23 and 0-2-3.

III. FC INPUT VOLTAGES AND CURRENTS NONSINUSOIDALITY
INDEXES AND FC ENERGY CHARACTERISTICS MODEL AND
ELECTROMAGNETIC PROCESSES ANALYSIS

UR input voltage wur. non-sinusoidality indexes are
determined as a result of a harmonic analysis of the input
voltage distortion component Aug,.

The relative v-order (v = 1, 5, 7, 11, 13...) harmonic
complex magnitude as a part of the voltage Aug, in fractions
of E,, is determined by the expression

O +1

AUpy = ;Ef [AU,(0) a0 (16)
m 0

where the integration lower limit is 6, = n/6 + A for mode
2-3 and 0-2-3; 6; = 0, for mode 0-2.

Higher-order harmonics (v = 1, 5, 7, 11, 13...) are
identical for uz, and Aug., therefore
U;L'(V) = AUFL-(V) : (17)
For the fundamental harmonic there is a valid
expression given below
U;C(l) = 1 - AU;{‘(]) : (18)

The relative RMS value of the UR input voltage
distortion component is

1
R O Ry 2 (19)
AU, =Em[7r oj AUﬁC(G)dGJ
The expressions for U;C(V) (v=15,17,11, 13 ...), and

AU *Fc in mode 2-3 and mode 0-2 are presented in Table II.
The expressions of mode 2—3 are also valid for the mode 0—
2-3 with an error not exceeding 5%, provided that the angle
v is determined in accordance with (9).

Universal dependences of the higher voltage harmonics
relative magnitudes U are)y=f(Pare) v=15,7,11,13 ...) and
the fundamental harmonic voltage drop U dF(1)- of at the UR
input, obtained on the basis of Table II and expressions (4),
(13), (15), are presented in Fig. 5.
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The higher harmonics relative magnitudes of the
current consumed by the FC, and of the voltage on the EPS
buses are conveniently found from the expressions given
below

1y =205, /W3v); (20)
Us) =aUy)» 21)

where a = X¢/Xx.

The fundamental harmonic magnitudes of the EPS phase
current and voltage are expressed as follows:

L4y =2AU},/3; (22)
U (1) = ‘1 - AU;c(l) (23)

In accordance with domestic and international standards,
the voltage non-sinusoidality of the supply network is
determined by the coefficients of individual harmonics Kysy)
and by the THDg K5, where

S es)

_ [(aAU;L,) (aaU;,
US(I)

When a =1 the last expression determines the THD Kz
of the UR input Voltage Fig. 6 shows the graphical
dependencies of Kyg =P ch) and AU" Fs) =P ch)
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According to EN 6100-3-2 standart, the coefficients of
individual harmonics Ky, and THD K; are used as indexes of
the non-sinusoidality of the FC input phase current; these
indexes are determined by the harmonics of the current from
expressions similar to (24) and (25).

The main energy characteristic of FC is a power factor
%> Which is the ratio of its active power P*FC = P*ch to
apparent power Sg., determined by the RMS values of the
input current i and voltage ur. of the FC. It is convenient
to present the power factor y as the product of two as
follows [5]:

_PFC/SFC :ﬂ'cosw(l)’ (26)
where ' ]
00 = AU d)= 27)
= Arg[l - AU;C(I)]— Arg[AU;c(l)/j]
a=liekz k2] @8)

In accordance with expresswns (2()) (28) and Table II

the dependencws X = f(P dFe)y A= f(P dFe)> COSQ(1y = f(P dFe)s
and K; = f(P arc) for a converter with a capacitive smoothing

- US(v)/ Usy (24) filter are shown in fig. 7.
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For comparison, Fig. 8 shows similar dependencies for
inductive-capacitive  filter. These dependencies are
calculated by the method [5] for a perfectly smoothed
rectified current.
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When assessing the impact on the power supply
network, the relative values of the FC active load power
P’ 4. are conveniently expressed using practical quantities
characterizing the circuit and its elements:

2 p—
P, = 3E, =bX, +1,, > (29)
2X, ‘

Where b = Sg/Ss — the ratio of the installed powers of
the FC and the supply network (generator); X and u , —

the value of the short circuit reactance of the network and the
short circuit voltage of the converter in p.u. respectively.

If a synchronous generator is used as the primary source
of electrical energy, then X, =0,1+015p.u; with matching

transformer i . =0,03+0,05.

Thus, when, for example, the FC power is less than 10%
of the source power, i.e. b = Sr./Ss < 0,1 and the rectifier is
connected directly to the buses of the EPS (%, =0), then

P ure<0,01..

In this case, when a capacitive smoothing filter is used,
the UR operates in discontinuous current i; mode and the
energy characteristics of the FC rapidly deteriorate.

According to fig. 7, the value of the power factor y can
decrease to 0.5 due to an increase in the current consumption
THD K, while the current reaches 1.5 p.u. (150%).

The analysis of dependencies presented in Fig. 8 shows
that in similar modes when using an inductive-capacitive
smoothing filter, the value of the FC power factor remains
high enough (y > 0,95) with a relatively small distortion of
the input current waveform ( K;<0,3).

From fig. 7 it follows that an increase in the power factor
(x> 0,9) with a simultaneous decrease in the distortion of the
consumed current (K; < 0,35) is possible for the FC circuit

with a capacitive filter, if FC operation mode is ensured at
P’ 4p > 0,03. From (29) it follows that for this purpose, the
FC must be connected to the network through a transformer
or line reactors when

i, >0,03-bX,- (30)

.

IV. CONCLUTIONS

A method for the analysis of electromagnetic processes
is proposed, and the characteristic modes of the input
uncontrolled rectifier of the frequency converter with a
capacitive smoothing filter are investigated.

Generalized analytical expressions and graphical
dependencies are obtained for determining the non-
sinusoidality indexes of input voltages, currents and power
factor of a DC-linked frequency converter.

The calculated coefficients for the practical
improvement of the electromagnetic compatibility of the
frequency converter with the network are determined.
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