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Abstract—Rectifiers are the most common nonlinear loads encountered in electrical power systems. Uncontrolled rectifiers are cheaper than
synchronous rectifiers and more common than them because of this but the currents drawn by uncontrolled rectifiers contain harmonics. In
addition, the amplitude of these harmonics depends on the value of the load power and the rectifier parameters. A 3-phase cable can be used to
connect a three-phase rectifier to a 3-phase power system. In this study, the power losses of a 3-phase cable fed by a synchronous rectifier and an
uncontrolled rectifier were compared. The electrical equivalent of a power cable is frequency dependent. The analysis performed in this study was
made by making some assumptions about the frequency-dependent resistance of the cable and the rectifier currents. The analysis shows that when
an uncontrolled rectifier is fed by a power cable, the cable always has more loss and heats up more for the same amount of RMS current.
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Kontrolsiiz Bir Redresorle Beslenen U¢ Fazh Bir Giic Kablosunda Amper Kapasitesinin Azalmasi ve
Gii¢ Kablosu Gii¢ Kaybimin Alt Degerinin Bulunmasi

0z. Dogrultucular elektrik gii¢ sistemlerinde en yaygim karsilasilan nonlineer yiiklerdir. Kontrolsiiz dogrultucular senkron dogrultuculara gére
daha ucuzdur ve bundan dolay1 daha yaygindir ama kontrolsiiz dogrultucularin gektikleri akimlar harmonik i¢cermektedir. Ayrica bu ¢ekilen
harmoniklerin genligi yiikiin giiciiniin degerine ve dogrultucu parametrelerine baglidir. Ug fazli bir dogrultucuyu ii¢ fazli gii¢ sistemine baglamak
i¢in li¢ fazli bir kablo kullanilabilir. Bu ¢alismada senkron bir dogrultucu ve kontrolsiiz bir dogrultucu tarafindan beslenen ii¢ fazli bir kablodaki
kayiplar karsilastirilmistir. Bir kablonun elektriksel esdegeri frekansa bagimlidir. Bu ¢aligsmada yapilan analiz kablonun frekansa bagimli direnci
ve dogrultucu akimlari iizerine bazi kabuller yapilarak bulunmustur. Yapilan analiz kontrolsiiz dogrultucu kullanildiginda 3 fazli kablonun her
zaman daha fazla kayba sahip oldugunu ve daha fazla 1sinacagini gostermektedir.
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1. Introduction

Electrical resistance is a function of frequency [1]. Skin-depth
results in extra power loss in a cable excited with AC currents [2, 3].
Three-phase cables are complex systems to model [4]. Such
transmission line models can also be made with fractional-order
circuit elements [5]. This results in higher attenuation in high
frequencies [3, 5, 6]. Such a frequency modeling of the cables may
require machine learning [6]. The effects of harmonics on
underground power cables are examined by considering a real
system and using experimental data and shown to result in an
excessive temperature rise due to the power losses in the cable [7].
Aging processes such as water treeing, electrical treeing, and
dielectric breakdown can be observed in polymeric insulators of
cables [8] and the high-temperature operation of cables also
contributes to their early aging [9-11]. Cable failures and
degradations that may occur directly or indirectly in the cable due to
harmonics should be prevented [11, 12]. Skin and proximity effects
in the cable impedance are difficult to model [13]. Their accurate
modeling is also important in motor drive applications [14]. Three-
phase power cables are often used to feed power rectifiers in
industry. An experimental model of such a rectifier can be found in
[15]. Uncontrolled rectifiers are nonlinear circuits, which lack exact
analytical solutions [16] and are hard to model. That’s why
simplified models are often used in their analysis [17]. Some
rectifiers use A frequency domain model for uncontrolled rectifiers
as presented in [18]. A rectifier model for active loads is given in
[19]. Averaging can also be used to model uncontrolled rectifiers
[20]. A matrix solution for their modeling is presented in the
frequency domain in [21]. An equivalent circuit for a diode bridge
that makes use of AC and DC side rectifier harmonics is given in
[22]. The uncontrolled rectifiers draw non-sinusoidal currents and
their current profile varies by the load power [16-22] and this can
cause overheating in the power cables. In this study, a lower bound
for the power loss of a three-phase power cable feeding a three-phase
uncontrolled rectifier is given to find out whether the loss stays the
same for the same amount of transferred power to the load and
whether the loss stays within the standards such as the international
electrotechnical commission IEC 60287 standard [12].

The paper is arranged as follows. In the second section, the
simplified models of an uncontrolled rectifier and a synchronous
rectifier are given. In the third section, a lower value of the loss of
power cable for an uncontrolled rectifier is given. The paper is
finished with the conclusion section.

2. The Synchronous Rectifier and Uncontrolled
Rectifier Models

A three-phase synchronous rectifier is a power electronic circuit,
which uses the three-phase H-bridge inverter topology shown in
Figure 1.a. Such rectifiers make use of sophisticated switching
control strategies to withdraw almost sinusoidal currents from a
three-phase utility with almost a power factor of one [23-26]. Since
the harmonics around switching frequencies have very low
magnitudes [27], their phase currents can be expressed as

iq(t) = I,sin(wt) (D)

ip(t) = Iysin(wt — 21/3) 2
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ic(t) = Lycos(wt — 4m/3) 3

where I,,, is the maximum value of the phase currents and
w is angular frequency.

The three-phase phase voltages can be written as

v,(t) = Vysin(wt) (@)
v, (t) = Vypsin(wt — 2m/3) (5)
ve(t) = Vypsin(wt — 4m/3) (6)

where V;,, is the maximum value of the phase voltages.

A4

The three-phase
power cable

(b)

Fig. 1. a) A three-phase synchronous rectifier circuit, and b) A
three-phase uncontrolled rectifier circuit.

An uncontrolled Hs-bridge rectifier is shown in Figure 1.b. It
consists of six diodes. It has a DC bus inductor or a smoothing
inductor (Ls) at the DC side. The inductor and the capacitor across
the load behave as an L-C filter. It does not have any smoothing
inductors at the AC inputs. Such a rectifier circuit draws non-
sinusoidal currents and their current varies with respect to the load
power [16-22].

A DC bus smoothing inductor is commonly used for filtering the AC
ripple in the DC bus current. If its inductance value is high enough,
the DC bus current at a high load can be assumed to be constant [28].
Due to the symmetric nature of the three-phase H-bridge rectifier
and having an almost constant DC bus current, a phase current pulse
is drawn from 120 degrees in both of the half-periods and there are
also 30 degrees wide dead zones for symmetrically drawn pulses.
Such a phase current can be expressed with Eq. (7) by ignoring the
very little cable inductance. If there were a smoothing inductor used
on each line to smoothen the phase currents the rectifier draws, a
tapered phase current expression that takes the commutation of
phases into account should have been used. Since the inductances
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of the cables are quite less than that of such AC side smoothing
inductors, Eq. (7) is sufficient to describe the phase current A.

At the maximum power with a smoothing inductor (Ls),
whose inductance is sufficiently high, its Phase A current can be
assumed to be of the form shown in Figure 2 and expressed as the
following partial function:

T
0, 0<t<—

12
] T < 5T
e 12 =" 712
. 5T 7T
if()=1 o0, Z<t<1z (7
7T 11T

=g, EStSE

0 11T<t<<T
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where 1. is the DC bus inductor current and T = 2m/w is the
electrical period.

The other phase currents are shifted by 120 degrees but they have
also the same rms value:
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Fig. 2. Phase A current of the uncontrolled rectifier.
The DC bus inductor current can be assumed as

P

Iy = 7 (10)
c

where P is the load power and V. is the DC bus voltage.

The DC bus voltage of the uncontrolled rectifier is approximately
given as

3V3Vy 3Vl
T - Vs

VdC = (11)

The DC voltage of an uncontrolled three-phase H-Bridge rectifier
can be around and less than the peak value of the line-to-line
voltages, which is equal to 537 (380*sqrt(3)) Volt in Europe. Eq.
(11) gives a value of 514 Volt, which is a little less than this value.

If the rectifier is loaded with the nominal power, the DC bus inductor
current can be written as
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Pom
I, =—— 12
dc Vdc ( )

The rectifier circuit currents at low load power are hard to predict
and simulations can be used for this purpose that will be studied in
the future.

3. The Estimation of the Cable Power Losses for the Two Cases

A three-phase power cable topology is shown in Figure 3.
It has copper wires as power conductors, an aluminum shield, and
PVE used as insulation material. The losses of the power cables for
the rectifiers are to be calculated in this section.

Fig. 3. A three-phase power cable topology (Courtesy of Unika
Cable).

3.1. The Power Loss of a Three-Phase Cable under Sinusoidal
Excitation or Fed by a Synchronous Rectifier

The nominal power which can be transferred through the power
cable is given as

Brom = 3Vrmslms=3VinIn/2 (13)

where I, 1S the rated rms phase current, and V..., is the rated rms
phase voltage.

The rms current of the power cable for Phase A is calculated as

T

1
Lrms = ?j(ia(t))zdt (14)
0

For a sinusoidal current given in Eq. (1), the rms current is

I
Lips = \/_T% (15)

Thus, the nominal transferred power by the power cable can also be
given as

Buom = 3Vrmslrms (16)
Since the phase currents of a synchronous rectifier are assumed to
be sinusoidal, the power loss of the cable feeding the synchronous
rectifier can be calculated as

Pioss1 = 3RACIEms (17)

where R, is the AC resistance of the cable at the utility frequency,

f=1/T.
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The AC resistance of a three-phase cable [12] can be given as

Rac = Rpc(1+Ys+Yp) (18)
where Rp is the DC resistance of the cable, ys is the skin effect
factor, and yp is the proximity effect factor.

More about the AC resistance of a cable can be found in [29].

Using the transferred power,

Puom\®>  RacPZ
Plossl — 3RAC( nom) _ tAC nom

3Vims 3120

1
_ 0.333R4cPlom (19)
3V

The rectifier circuit currents at low load power are hard to predict
and simulations can be used for this purpose that will be studied in
the future.

3.2 The Lower Bound of Power Loss of the Three-Phase Cable
Fed by an Uncontrolled Rectifier

The uncontrolled rectifier is assumed to be drawing a current with
harmonics from Phase A as seen in Figure 2. The other phase
currents are shifted by 120 and 240 degrees with respect to the
current of Phase A. The power loss of a cable is frequency dependent
due to the skin and proximity effects:

C RI2 SO Racl? =¥
Prossz =3 )~ 23 ) Ak — 3R, Y
k=1 k=1 k=1

where P, is the power loss of the three-phase cable feeding the
uncontrolled rectifier and R,=R(kf) is the phase resistance of the
three-phase cable at the ki harmonic.

(20)

leN

R, is anincreasing function of frequency. The cable resistance at the
fundamental frequency (R4 or R,) is less than that at the k"
harmonic frequency (k=2) and the following is always true,

Ry 2Ryc =Ry (21)

Therefore, a lower bound for the power loss can be found
as

N Rl N Racl? N
Ploss=3z 2 232 2 =3RACZ? (22)
k=1 k=1 k=1

Using Parseval’s identity,

=
Irgmszz
k=1

N

T
=7 [ Gaoae (23)
0

|

Using Eq. (7), the lower bound for the cable power loss can
be calculated as:

T
3R .
Piossmin = 3RACIrgmszz TACf (la(t))zdt = (24)
0
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3RACZT12
T 3 'dc

2

P
Pissmin = 2Racl%e = 2Rac (522) (25)
dc

2

Pnom

Piossmin = 2Rac| ——F=—
3\/571]-4”15 (26)

_ 21°Ryc (Pnom>2
27

Vrms

The lower bound of the power loss of the cable feeding the
uncontrolled rectifier is found as:

P 2
Puossmin = 0.731Rsc (71°2) (27)

rms

Therefore, the following expression is always true:

Ploss > Plossmin (28)

Therefore, considering both of the cases examined, for the
same value of the rms voltage, the following is always true:

PlossZ > Plossmin > Plossl (29)

The power loss of the cable feeding the uncontrolled rectifier is
always higher than that of a synchronous rectifier.

Ampacity is a made-up word for ampere capacity (current-carrying
capacity) defined by National Electrical Codes [30], in some North
American countries. Ampacity is defined as the maximum current,
in amperes, that a conductor can carry continuously under the
conditions of use without exceeding its temperature rating.

Plossz > Plossmin =2.195 (30)
Plossl Plossl

This means to prevent overheating of the three-phase cable and not
to decrease its life, the cable should be operated a lower current or
transfer a lower power.

4. Conclusions

In this study, the losses occurring in a three-phase power cable
feeding a synchronous and an uncontrolled rectifier have been
examined. It is assumed that the rectifier has a DC side smoothing
inductor and draws a square wave current with zero intervals. A
lower bound value for the cable power loss feeding the uncontrolled
rectifier is given. Considering (9) and (23), the power loss of the
cable feeding the uncontrolled rectifier is at least 119.5% higher than
that of the synchronous rectifier case. If the skin effect model of the
cable is taken into account, the power loss of the cable feeding the
uncontrolled rectifier would have been found to be higher. The
finding here is of importance since it implies that the ampacity of
the cable decreases, i.e., the cable overheats when the three-phase
cable feeds an uncontrolled rectifier having non-sinusoidal currents
for the same amount of the transferred power. This means that a
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power cable should be operated to feed a lower transferred power in
a steady state. Otherwise, its operation life would be less than the
one given in its catalog. Also, considering that the uncontrolled
rectifier load can be temporarily higher than the nominal power for
a short amount of time, this would result in an even higher
temperature in the cable and the worst impact on his life.

A more accurate analysis of such a 3-phase cable should be
performed by taking into account the transfer function in the
frequency domain of the cable and the harmonics of the current. As
future work, to obtain a more accurate loss model, we suggest that
the experimentally measured cable parameters and the complete
circuit model of the uncontrolled rectifier must be used to estimate
the power loss. More sophisticated cable models can be used for that
purpose [31]. The current harmonics of the input currents of the
uncontrolled rectifier can be obtained by simulations depending on
the load power, and, then, the cable losses can be calculated using
the harmonic magnitudes and experimentally found cable
parameters such as the frequency-dependent electrical resistance.

Smoothing inductors at AC side of the uncontrolled rectifiers are
commonly used in the factories for power quality improvement.
Also, using a smoothing inductor for each side at the AC side of the
uncontrolled rectifier may result in the less power cable loss since
the phase currents can be smoothened. We also suggest this as future
work.
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