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ABSTRACT

An improved harmonic detection method based on average arithmetic is proposed. According to the research results, the
designed solution uses an LPF (low-pass-filter) and a mean value module connected in series instead of the conventional
mean value module, and simultaneously, a three-phase voltage phase-locked module instead of commonly used PLL
(phase lock loop) module is applied in order to reduce the influence caused by three-phase distorted voltage and rapid
variation of load. The experimental results show that the application of this solution leads to increase in the accuracy
of harmonics detection for distorted three-phase voltage and rapid variation of load.
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INTRODUCTION

With the development of power electronic devices
in recent decades, more and more power converters are
applied onboard, and the ship electric propulsion system is
the representative example. But the fact is, power quality in
marine electric power networks is becoming worse and worse,
especially the level of harmonics increases. For example, in
the case of Queen Mary 2 [10], the bulky ship has suffered
a failure of harmonic passive filter, which resulted in explosion
and damage of the surrounding electrical panels, and finally
a total black-out of the vessel. In this case, the only protection
against catastrophic failure of the capacitors being a part of
harmonic passive filter, was a current imbalance detection
system, which after the accident was found to be inoperable
[10]. Anyway, a problem how to detect and compensate
harmonic components with appropriate accuracy in a real
time is one of the most important questions concerning a
problem of power quality in ship networks. This question is
fundamental from the point of view active or hybrid power
filters control [9], [15]. Conventional harmonic detecting
method is based on the theories such as instantaneous reactive
power theory, Fourier transform or adaptive algorithms. The
most commonly used methods are i algorithm [1] and its
advanced method [8]. A method using a mean value module
to replace LPF is described in [6] and [9] to improve the
accuracy and reduce the response time of harmonic detection.
The methods described in [1] and [9] using i -i algorithm
without PLL are proposed to solve the problem caused by
asymmetrical load. In [16] and [17], symmetrical component
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method is proposed for positive sequence voltage and current
measurement. But in the case of distorted three-phase voltage,
these methods sometimes cannot detect positive sequence
component accurately. And sometimes their accuracy may
be influenced by the variation of the fundamental current.
To reduce the influence of distorted three-phase voltage,
a new three-phase PLL circuit is proposed in [7]. But using
this circuit, the response time is longer. In [14], a PI controller
is added to the detection system. In [12], a new PLL circuit
is proposed for compensation of error which is caused by
system delay. In this paper, a improved harmonic current
detection method is discussed under the circumstances of
distorted three-phase voltage - with unbalanced initial phase
angles and amplitudes in the presence of rapid variation of
load. In shorthand, an advanced PLL circuit is proposed
for detection of the positive sequence voltage completed by
a module consisting of a LPF and a mean module that are
connected in series. It is to supersede the conventional LPF.

HARMONIC DETECTION METHOD WITH
MEAN VALUE MODULES

PRINCIPLE OF HARMONIC DETECTION METHOD
WITH MEAN VALUE MODULES

The harmonic detection method with mean value modules
is graphically presented in Fig. 1. It applies i-i algorithm
but LPF module is replaced by mean value modules. The



mean value obtained by simple integration is the DC value
corresponding to the fundamental current. In an ideal power
network, its detection time is only 1/6 cycle [6]. Its principle
analysis is as follows. Assuming that the three-phase load
current is,
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where, I and ¢_are the amplitude and initial phase angle
of the nth harmonic current. The sine and cosine signals
corresponding to the voltage of phase A, sinwt and coswt can
be detect by the PLL. They form matrix C which is showed

in Fig.1,
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According to the scheme, the formulas of i andi_are,
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And i can be obtained in the same way. In three-phase
symmetry circuit, even order harmonics do not exist. The
system only contains harmonic currents of 5th, 7th, 11th
and so on. So it can can be stated that only components
n =6k + 1 (k=1, 2, 3...) would exist. Then ip and iq become,
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After integrating the above formulas for 1/6 cycle, the
fundamental component of i and i are obtained.
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After transforming them into three phase, fundamental
currents iaf, ibf and icf are detected. And the harmonic
component can be obtained.

ERROR ANALYSIS

As shown in Fig.1, the phase of sine & cosine signal detected
by method with mean value modules is determined by u..
When three-phase voltage is asymmetrical and contains
harmonic components, it has positive sequence component
and negative sequence component. Detected by the PLL circuit,
as shown in Fig.1, the phase of sine signal is the same as that
of u, but differs by 6 from its positive sequence component.
The exact signal are sin(wt+0) and cos(wt+0). Calculating with
the matrix C formed by them, the detection of fundamental
active and reactive current will be influenced. Moreover,
in the operation process of the APF (active power filter)
from sampling of filtering signal to inverter output (Fig. 2),
there exists sampling delay, transformer phase delay, signal
processing delay and inverter delay of main circuit [3]. If the
time delay is not compensated, the accuracy of detection
will be very poor, and even the harmonic problem becomes
more serious. That is, phase preprocessing during detection
is necessary. But when load varies, the conventional detection
method with mean modules may be readily disturbed by
changing currents.
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Fig.2 Principle block diagram of the considered ship network, active power
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Fig.1 Block diagram of harmonic detection method based on i -i_concept with mean value modules
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PRINCIPLE OF PROPOSED HARMONIC
DETECTION METHOD

According to the above error analysis, an improved
harmonic detection method is proposed. Its scheme (block
diagram) is shown in Fig. 3.

The proposed solution is able to detect positive sequence
component of three-phase voltage when it is distorted and
asymmetrical. Its principle analysis is as follows. Assume
that the asymmetrical three-phase voltage is,
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where, U represents voltage amplitude, n represents
harmonic order, ¢ represents initial angle, and (+,-) represent
positive and negative sequence components.

When voltage signal passes BPF, the output signals are
u , u,and u_. Then the output signals are calculated by
symmetrical component theory, all asymmetrical three-
phase vectors are divided into three parts - positive sequence
component, negative sequence component and zero-phase
sequence component. The formulas are,
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where, a =", a* =e¢ ,and f , f,, f_are unsymmetrical
three-phase vectors [17]. Then the above formula is

transformed into,
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Similar method is applied to define the matrix T - in Fig.3
- as,
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The positive sequence component of fundamental voltage
can be readily detected. Its formula is,
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According to the above theory, the calculation of u, need
a 240° phase shift, and 120° for u_. The time delays at least
2mn/3. Using Formula (15),
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So, signal processing method as shown in formula (16)
is able to save time. After getting the positive sequence
component of fundamental voltage, the sine signal
sin(wt + @u_*) and the cosine signal cos(wt + ¢u *) can be
easily found. The matrix C as formed is,
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Moreover, because of the time delay caused by the
system itself, as shown in Fig. 2, compensation module as
compensatory angle is added to make up for it. Assuming
that the operation of APF is with a time delay equal to At,
there is a delay angle equals to wAt. After the compensation
module is applied, the new matrix C, is able to guarantee the
identity of the phase after transformation. The matrix C, is,
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And the fundamental currents after compensation are,
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The system time delay angle is predicted by theoretical
analysis of configuration shown in Fig 2. There is a difference
between theoretical result and the result obtained in practical
operation. So the fundamental current detected by this
method is different from practical one. In practical operation,
repeated test is necessary for finding the accurate time delay.

COMPENSAT
ORY ANGLE

Fig.3 Block diagram of harmonic detection method with a three-phase voltage phase-locked module as well as low-pass filter and mean modules connected in
series, BPF - band-pass-filter
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SIMULATION

SIMULATION MODEL OF THE SHIP NETWORK
UNDER NON-IDEAL CONDITIONS

Simulation was carried out wing Matlab / Simulink
environment, applied for the configuration of ship electrical
power system resulting from Fig.2. A comparative analysis
of level of the waveform distortion and time of response of
harmonic detection for the active power filtering was carried
out by using Mathcad environment for waveform distortion
analysis. The parameters ofload are R=20 Q and L =2 mH.
According to the analysis of [12], it is assumed that the
time delay of the system is 140 ps. That would be 2.52° if it
is expressed in angle (for f = 50 Hz). The value of positive
sequence voltage is 220 V. The initial phases of A phase
voltage, B phase voltage, and C phase voltage are 25, -115°,
and 120° respectively. Then, harmonic voltage of 5th order,
7th order, and 11th order are added to the three phases. In
Fig. 4 the waveforms of the distorted three-phase voltage
before APF compensation are shown.
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Fig.4 Distorted and asymmetrical three-phase voltage waveforms before APF
compensation

SIMULATION RESULTS UNDER
DISTORTED THREE-PHASE VOLTAGE

On the basis of the aforementioned model, comparative
study by simulation experiments has been carried out, with
usage of the three different detection methods, i.e. with mean
modules, with mean modules and a three-phase voltage phase-
locked module, and the proposed method. The experimental
results are based on the assumption, that in all cases the
same APF control method and load are used. An assessment
of the distortion level of the analyzed waveform is based on
the THD concept, in the meaning [4], [5]. Other distortion
factors definitions are sometimes used [11]. Fig. 5 shows the
results of harmonics detection by using the mean modules.
Fig. 5(a) shows the positive sequence voltage and detected
positive fundamental active current of phase A. Fig. 5(b)
shows the detected fundamental current of phase A. It can be
seen that a quite good waveform of the fundamental current
can be detected after slightly above 0.01s. Fig. 5(c) shows the
spectrum of detected fundamental current of phase A. Its
THD value is 2.80%.

a)

VA
=)

200

i i i i
0 0.01 0.02 0.03 0.04 0.05 0.06
tle

b) 100 : : :

_100 1 | 1 1 |
0 0.01 0.02 0.03 0.04 0.05 0.06
t/s
©) 25
- 2
)
5 15
c
8
%)
e 1
o
E
©
< 05
WL
2 harmonic order 50

Fig.5 Simulation results of harmonic detection method with mean modules, (a)

positive sequence voltage and detected positive fundamental active current of

phase A, (b) detected fundamental current of phase A, (c) spectrum of detected
fundamental current of phase A

Fig. 6 shows the results of harmonics detection by using
the method with mean modules and a three-phase voltage
phase-locked module. Fig. 6(a) shows the positive sequence
voltage and detected positive fundamental active current of
phase A. Itis clear that there exists no phase difference. So the
reactive compensation can be carried out accurately. Fig. 6(b)
shows the detected fundamental current of phase A. It can
be seen that a pretty ideal waveform of fundamental current
can be detected after slightly above 0.01s. Fig. 6(c) shows the
spectrum of detected fundamental current of phase A. Its
THD value is 1.16%.

Fig.7 shows the results of harmonics detection by using
the proposed method. Fig.7 (a) shows the positive sequence
voltage and detected positive fundamental active current
of phase A. It’s clearly that there exists no phase difference.
So the reactive compensation can be carried out accurately.
Fig.7 (b) shows the detected fundamental current of phase A.
It can be seen that a pretty ideal waveform of fundamental
current can be detected after one cycle. Fig.7 (c) shows the
spectrum of detected fundamental current of phase A. Its
THD value is 0.52%.
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Fig.6 Simulation results of harmonic detection method with mean modules
and a three-phase voltage phase-locked module, (a) positive sequence voltage
and detected positive fundamental active current of phase A, (b) detected
fundamental current of phase A, (c) spectrum of detected fundamental current
of phase A

Fig.7 shows the results of harmonics detection by using
the proposed method. Fig.7 (a) shows the positive sequence
voltage and detected positive fundamental active current
of phase A. It’s clearly that there exists no phase difference.
So the reactive compensation can be carried out accurately.
Fig.7 (b) shows the detected fundamental current of phase A.
It can be seen that a pretty ideal waveform of fundamental
current can be detected after one cycle. Fig.7 (c) shows the
spectrum of detected fundamental current of phase A. Its
THD value is 0.52%.

After the comparison of the obtained results, it can be
concluded that the accurate sine & cosine signals can be
detected by using the three-phase voltage phase-locked
module. It helps with the accuracy of harmonic detection
and reactive power compensation. The accuracy of the
detection can be further improved by using a LPF and a mean
module connected in series. The THD value of the detected
fundamental current dropped from 1.16% to 0.31%. Though
the THD value is noticeably lower, the response time increases
more or less by 0.005s.
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Fig.7 Simulation result of harmonic detection method with an LPF and a
mean module connected in series and a three-phase voltage phase-locked
module, (a) positive sequence voltage and detected positive fundamental active
current of phase A, (b) detected fundamental current of phase A, (c) spectrum
of detected fundamental current

SIMULATION RESULTS UNDER
DISTORTED THREE-PHASE VOLTAGE AND
SUDDEN-VARIATION RAPID VARIATION
OF LOAD

An experiment of rapid variation of load is performed by
load step change from 50% to 100% at 0.05 s time instant.
That means the resistance drops from 20 Q) to 10 Q, and the
inductance drops from 2 mH to 1 mH. The resulting waveform
of load current during the process is shown in Fig. 8.
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Fig.8 Simulated current during load step change by 50% at 0.05 s time instant



Next, the harmonic detection method with mean modules
and the harmonic detection method with the proposed method
are applied respectively. And the results are shown below. Fig. 9
shows the results obtained by using the harmonic detection
method with mean modules. Fig. 9(a) shows the detected
fundamental current of phase A. Fig. 9(b) and Fig. 9(c) are the
spectrums of detected fundamental current of phase A before
and half cycle after step load change. The THDs are 2.96% and
2.33% respectively. Further, the THD has been calculated for
the cycle just after the step change (0.05 s to 0.07 s). This has
been equal to 8.37%. Fig. 9(d) shows the fluctuation of detected
active component and reactive component respectively. It can
been seen that fluctuation is very serious.

a)

0 0.02 0.04 0.06 0.08 0.1

t's

b) 25

. 2

B

5 15

c

o

o

[*]

£y

S

£

&

< 05

0|||.I|I|II i
2 harmonic order 50

©) 25

— 2

B

€

8 15

c

5

o

o

e 1

S

E

©

< 05

o I I I a1
2 harmonic order 50

- i
500 0.01

00z 003 004 0065 006 007 008 009 Ol
8
Fig.9 Simulation result of harmonic detection method with mean modules
when load varies, (a) detected fundamental current of phase A, (b) spectrum
of detected fundamental current for one cycle before step load change (0.03
st0 0.05 s), (c) spectrum of detected fundamental current for one cycle after
step load change (0.06 s to 0.08 s), (d) detected active component and reactive
component

Fig.10 shows the results obtained by using the proposed
method. Fig.10(a) shows the detected fundamental current.
Fig.10(b) and Fig.10(c) depict the spectra of detected
fundamental current for one cycle before (0.03 s to 0.05 s)
and one cycle after step load change (0.07 s to 0.09 s). The
THDs of them are 1.31% and 0.5% respectively. Further, the
THD has been calculated for the cycle just after the step
change (0.05 s to 0.07 s) and half cycle after load step change
(0.06 s t0 0.08 s). These have been equal to 14.18% and 2.52%.
Fig. 10(e) shows the dynamic changing processing of detected
active component and reactive component. The fluctuation
is a little bit lower than in Fig. 9(d).

)

200

100

A

0

[ 111 SR S

0 0.02 0.04 0.06 0.08 0.1

b)

0.8

0.6

harmonic content [%]

0.4

0 Illlu.u.-.... e

2 harmonic order 50

o
~
o
~

harmonic content [%]
o
N

...

2 harmonic order 50

ifA

. i i i i i i i i i
3% 001 002 0035 004 005 006 007 008 009 01

tls

Fig.10 Simulation result of harmonic detection method with an LPF and a

mean module connected in series and a three-phase voltage phase-locked
module, when load varies, (a) detected fundamental current of phase A, (b)

spectrum of detected fundamental current for one cycle before step load change
(0.03 s t0 0.05 s), (c) spectrum of detected fundamental current for one cycle
after step load change (0.07 s to 0.09 s), (d) detected active component and
reactive component
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The careful comparison of the afore described experimental

results leads to the following conclusions:

1. Within the first period immediately after the moment
of load variation, THD value of fundamental current
of phase A obtained by harmonic detection method
with mean modules is 8.37%, and that obtained
by harmonic detection method with an LPF and
amean module connected in series and a three-phase
voltage phase-locked module is significantly higher,
i.e. 14.18%.

2. Itis also higher, if one considers its value half cycle
after load step change, 2.33% versus 2.52%. But after
more than 0.01s, the THD value obtained by the
harmonic detection method with an LPF and a mean
module connected in series, and a three-phase voltage
phase-locked module, started to drop quickly. After
one cycle delay (0.02s), it becomes 0.5%. Whereas in
the case of the harmonic detection method by only
mean modules, THD reaches 2.33% and almost keep
in this level. It’s obvious that, though the response
speed of the harmonic detection method an LPF and
amean module connected in series and a three-phase
voltage phase-locked module, is not as quick as the
response speed of the harmonic detection method
with mean modules only, the former solution is more
accurate. The difference of the two THD values of
fundamental currents is 1.83%.

3. The waveforms of active component and reactive
component detected by the harmonic detection
method with an LPF and a mean module connected
in series reveals lower ripples of current components
in comparison to the harmonic detection method
with mean modules only. It shows that the proposed
harmonic detection method has better performance.

FINAL REMARKS

The proposed solution is based on average arithmetic. It
combines a LPF and a mean module connected in series with
a three-phase voltage phase-locked module. It is a harmonic
detection method with good performance under non-ideal
conditions. According to the experimental results, four
conclusions are given:

1. The conventional detection method based on average
arithmetic cannot detect the positive sequence
component and initial phase of the distorted voltage.
The proposed solution solves this problem. And
active power and reactive power compensation can
be carried out accurately.

2. 'The THD value of fundamental current detected by
conventional method is above 2.3%. And the THD
value of fundamental current detected by the proposed
method is below 0.5%. So that the proposed solution
is more accurate.

3. The response time of conventional method is about
0.01s. The response time of the proposed solution is
below one cycle, but more or less 0.005s slower.
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4. When load suddenly changes, the detected by the
proposed solution active and reactive current
components have less ripples, which shows that the
proposed harmonic detection method has better
performance.

In shorthand, the proposed solution is able to overcome the
shortcoming of the conventional harmonic detection method
with mean modules when the two solutions are applied to detect
current harmonics under the condition that 3-phase voltage
is distorted or load varies suddenly. Simply put, the proposed
solution leads to broadly understood higher detection accuracy.
The downside of the proposed solution is that its response time
is 0.005s longer than that of conventional harmonic detection
method based on average arithmetic. Further study will be
undertaken to solve this problem.
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