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ABSTRACT Line commutated converter (LCC) has been widely applied in hybrid high voltage direct
current (HVDC) transmission system, where the modular multilevel converter (MMC) is applied as receiving
end and may induce low order harmonics in DC-link voltage. These low order harmonics will introduce the
low frequency fluctuation into the control loop of LCC and complex the harmonics analysis. The traditional
method to calculate LCC harmonics is derived by the switching function and modulation theory, which only
obtains characteristic harmonics. The low-frequency fluctuation superimposed on the firing angle in the
control system is ignored in the traditional method. In this paper, the interharmonics, which is introduced
by firing angle fluctuation, is revealed by the double Fourier method. A fitting function method is applied
for depicting the varied commutation overlap caused by firing angle fluctuation. Compared to the traditional
method, the proposed method can effectively analyze both characteristic harmonics and interharmonics in the
condition of low-frequency fluctuation of the firing angle. The accuracy and effectiveness of the theoretical
analysis are verified with a three-phase LCC rectifier built in PSCAD/EMTDC and experimental test.

INDEX TERMS Hybrid HVDC, interharmonics, firing angle fluctuation, overlap angle fluctuation,

harmonic analysis.

I. INTRODUCTION

The hybrid high voltage direct current (HVDC) system
adopts line commutated converter (LCC) at rectifier side and
modular multilevel converter (MMC) at inverter side. This
hybrid topology reduces the manufacture and operating cost,
eliminates the commutation failure which is inevitable in
LCC-based inverter [1], [2]. However, some control strategies
of MMC will cause resonance in DC-side [3]-[6], whose low
frequency fluctuations will be introduced in the LCC rectifier
control loop. Consequently, the firing angle calculated by the
control loop contains ripples and causes DC-side voltage har-
monic pollution, even system oscillation [7], [8]. Therefore,
it is of great significance to perform a quantitative analysis
of the harmonics for hybrid HVDC system with firing angle
fluctuations.

The associate editor coordinating the review of this manuscript and
approving it for publication was Enamul Haque.
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The operation of the LCC-HVDC converter is naturally
defined by time-domain differential and algebraic equations.
This suggests time-domain simulation and Fourier analysis as
a possible method. The switching function and modulation
theory can be applied to explain the transmission mecha-
nism of characteristic harmonics [9]. Furthermore, a precise
mathematical model has been developed by the unbalanced
switching functions, which can be used for harmonics anal-
ysis in the condition of the unbalanced power supply and
unbalanced system impedance [10]-[12]. As demonstrated
in [13], the space vector is first used for harmonic anal-
ysis to illustrate the frequency transformation mechanism
of converters. It is also valid for both voltage-source and
current-source converters with asymmetrical modulation.
However, the long simulation time is required to reach a
steady-state in these methods. To assure efficiency and accu-
racy in time-domain simulation, the exact switching func-
tion is obtained in [14] by iteratively solving the switching
instants. Yet, the approach relies on sampled data and iterative
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initial values. None of these methods takes interharmonics
into account.

The switching of current conduction from one phase to
another is referred to as the commutation process, which can-
not be neglected in harmonic analysis. The commutation pro-
cess is only modeled as a proportional coefficient in switching
function [9], yet the derivation process is not addressed.
The generation mechanism of characteristic harmonics con-
sidering the commutation is explained concretely in [15].
Meanwhile, [16] gives a DC-side equivalent circuit during the
commutation process by paralleling commutation branches.
Better modeling accuracy is achieved by this method com-
pared to traditional modulation function approaches. How-
ever, the varied overlap angle is not considered by methods
mentioned-above.

On the other hand, as an alternative to the traditional
approach, harmonic state space (HSS) has attracted scholars’
interest in recent years. This method is based on the linear
time-periodic (LTP) theory, which has been widely applied
to analyze the harmonic coupling and stability in a large
power network [17]-[19]. Nevertheless, HSS is too complex
to calculate harmonics since high order state-space matrix
needs to be established. Meanwhile, HSS can only deal with
the characteristic and uncharacteristic harmonic coupling, yet
the interharmonics are not considered.

It is well known that there are abundant filters applied in
practical HVDC projects to improve power quality [20]-[22].
Any filter, however, has its fixed cut-off frequency which
cannot cover all frequency range. Therefore, the DC-side
low-frequency current fluctuations, which comes from
inverter based MMC and cannot be completely filtered,
are introduced into the proportional-integral (PI) regula-
tor for DC-side current control of LCC. The output fir-
ing angle of the PI regulator thereby has a low-frequency
ripple, and then this firing angle with ripple is com-
pared with phase angles to generate the individual driv-
ing pulses for each thyristor with varied intervals. The
commutation overlap angle also fluctuates due to this
low-frequency ripple. The variation of firing interval means
unequal conduction time of each thyristor and introduces
interharmonics.

Interharmonics are spectral components at frequencies that
are not integer multiples of the system fundamental frequency
(50Hz in general). Some of the most remarkable issues related
to interharmonic theory are presented in [23], including
detailed definitions and concepts. The letter [24] proposed a
method to determine the existence of interharmonics in the
discrete Fourier transform (DFT) results. The interharmonic
generation process in motor drive applications is investigated
in [25], and the effects of modulation techniques are also
taken into account [26]. However, the mechanism of inter-
harmonic transmission in LCC has not been addressed in
previous researches.

The motivation of this paper is to distinctly illustrate the
mechanism of interharmonic transmission derived from firing
angle fluctuation and subsequent commutation overlap angle
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vibration. The main contributions of this paper could be
summarized as follows:

1) Based on the individual phase control of firing angle in
the converter, the turn-on and turn-off instant of each
thyristor can be described exactly, and the mechanism
of interharmonic transmission derived from a variation
of firing interval in LCC is first illustrated.

2) In the analysis for harmonic transmission of LCC,
the effect of dynamic commutation overlap angle is first
included by the Fourier series fitting.

3) The proposed method for the accurate harmonic analy-
sis can not only calculate characteristic harmonics but
precisely analyze interharmonics. Especially, the inter-
harmonics are not considered in the previous method.

The rest of the paper is organized as follows.

In section II, the harmonic transmission is derived from
firing pulse generation principle in a single thyristor without
the commutation overlap, and the interharmonic calculation
progress is also given in detail with the double Fourier series
analysis. Furthermore, based on the Fourier series fitting,
the dynamic commutation overlap angle is considered in
section III. The interharmonic calculation in a rectifier is pre-
sented in section IV. Then, the simulation in PSCAD/EMTDC
and the experimental test is carried out to validate the pro-
posed approach in section V and section VI. Simulation
results and experimental test validate the accuracy of the
proposed method. Finally, the conclusions are summarized
in section VII.

Il. HARMONIC TRANSMISSION ANALYSISINA
THYRISTOR WITHOUT COMMUTATION OVERLAP

In this section, the interharmonic generation and transmission
characteristics for the single thyristor are investigated without
commutation overlap, which makes the foundation for subse-
quent sections.
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end
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FIGURE 1. Three-phase rectifier bridge.

The three-phase rectifier bridge consists of six thyristors
that are numbered according to the conduction sequence (see
Fig.1). The turn-off instant of a thyristor depends on the
turn-on instant of the next thyristor in the same upper or lower
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bridge arm. Take thyristor T; for instance, it is turned off as
soon as T3 is turned on.
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FIGURE 2. Firing pulse generation principle. (a) Firing pulse generation.
(b) Thyristor states and corresponding DC voltage.

The generation principle of the firing pulse is shown
in Fig. 2(a). The firing angle signal is compared with
the phase angle of each phase voltage calculated by the
phase-locked loop (PLL) to generate the driving pulses,
which also indicate the switching state of the thyristor. The
firing angle also determines the phase voltage which is output
in DC-side shown in Fig. 2(b).

All periodic ripples could be rewritten as Fourier series.
So it is assumed that there is a sinusoidal fluctuation with
very low frequency in firing angle signal. Hence, the thyristor
operation state can be modeled as a periodic function that can
be expressed as s1(x, ¥) in a period of variable y by (1).

I, Xon < x < Xoff

s1(x,y) = { ey

0, —7 <X <XonOIXoff <X <7

where x is phase angle from PLL and y is the phase angle of
sinusoidal fluctuation in firing angle, they can be described
in detail by (2).

{x:a)xt—i—ex o)

y = wyt + 0

where w; and 6; are the frequency and initial phase of signal
j (G = x,y), respectively. Thus, the firing angle can be
described by (3).

o =0ap+Mcosy 3)
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where «( is the command value of firing angle, M is the
amplitude of sinusoidal fluctuation in firing angle. The phase
angle from PLL to thyristors T and T3 can be represented by
B1, B3 respectively in (4).

Bi = x —2kn
27 4

=x—2kn — —
B3 =x b4 3
The phase angles of T at turn-on instant (xon) and turn-off
instant (xof) in one fundamental period are shown in (5),
which can be inferred from (3), (4) and Fig. 2(b).

Xon = Oon = &g + M cosy

)

2
x0ﬁ=a0ff=oz0+Mcosy+?

where ooy and aop are firing angles at turn-on instant and
turn-off instant, respectively.

Substituting (5) to (1), and double Fourier series analysis
is applied to calculate interharmonics caused by a single
thyristor shown in (6).

1 oo
s1(x,y) = 3 + Z (A0 cos mx + By, sin mx)

m=1

+ Z Z [An cos (mx + ny)

m=1 n=—00
n#0

+ B, sin (mx + ny)] (6)

Equation (6) is the basis of the accurate analysis for the
harmonic transmission of LCC with firing angle disturbance.
There are three items in (6): the first is DC component,
the second is fundamental (m = 1) and harmonic component
of the sawtooth carrier (the output of PLL), and the last is
sideband harmonic component, which is distributed on both
sides of carrier harmonics with integral multiple frequency
intervals (wy). And the coefficients are illustrated in (7).

2 . mmw T
Amo = — sin —Jo(mM) cos m(cg + =)
Tm 3 3

2 . ommw . 1
B = — sin —Jo(mM) sin m(og + =)
Tm 3 3 (7

2 . mmw niw T
Apn = — sin —J,(mM) cos(— + m(ag + =))
Tm 3 2 3

2 . mmw . onw T

By, = — sin —J,,(mM) sin(— + m(ag + =))
Tm 3 2 3

where J,, is the Bessel function with order n. The influence of

the firing angle ripple on the harmonic amplitude is consid-

ered by the Bessel function.

Ill. HARMONIC ANALYSIS OF A THYRISTOR WITH
COMMUTATION OVERLAP

The leakage inductance of the converter transformer will lead
to an overlap angle. Based on section II, this section elabo-
rates the interharmonic generation and transmission caused
by a single thyristor with the overlap angle in the condition
of firing angle fluctuation.
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A. THE STATE FUNCTION S, (x, y) OF THYRISTOR
CONSIDERING COMMUTATION OVERLAP
Generally, DC-side current maintains constant in the LCC

rectifier. In this case, the overlap angle could be calculated
in [27] by (8).

2Xtl4c
V3U,

where p is the overlap angle, Iy is the equilibrium value of
DC-side current, Up, is the amplitude of AC phase voltage,
Xt is equivalent leakage inductance of converter transformer
(see Fig.1), and it can be described as (9).
Vs% V3
"7 7100 Sy
where Vg%, Vy and Sy are the short-circuit voltage, rated
line voltage and the rated capacity of converter transformer,
respectively.

Equation (8) depicts the nonlinear relationship between «
and ., which are trigonometric and anti-trigonometric func-
tions. However, these functions cannot change the frequency
of the fundamental signal. Thus, as shown in Fig. 3, when
there is a sinusoidal disturbance in the firing angle «, the
overlap angle p will fluctuate at the same frequency and
is negatively correlated with «. That is, the larger «, the
smaller .

)« ®)

w= cos '(cosa —

©))

50

0 Py
(=} (=]
T T
1 h

Phase angle (°)
]

0 4r 87 127 167
Phase of oscillation y (rad)

FIGURE 3. The changing curves of overlap angle x with the disturbed

firing angle .

Considering commutation overlap angle disturbance
caused by firing angle fluctuation, the conduction state of
thyristor and the corresponding AC voltage is shown in Fig. 4.
The overlap angle u is not a constant value, but a function
of firing angle «. Namely, the length of the commutation
is determined by the firing angle. Similar to (1), taking
overlap angle fluctuation into account, the thyristor operation
state can be expressed as (10), where 1/2 means that half
of the phase voltage contributes to DC-side voltage during
commutation overlap duration.

I,  Xon =+ Hon <X = Xoff

Si(x,y) = s Xon < Xon + Mon OF Xoff < X =< Xoff + [Loff

1

2

0, —7 <X < XonOFXoff + Uott <X =T
(10)
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FIGURE 4. Firing pulse generation principle with commutation. (a) Firing
pulse generation. (b) Thyristor states and corresponding DC voltage.

where (o and pofr are overlap angles at turn-on instant and
turn-off instant respectively, which can be derived from (8).

Hon = cos ™ [cos argn — 2XTIdc/\/§ Upl — aon

_ (11)
Lo = €08~ [c0S ot — 2XTlde/ V3 Upl — ot

B. FITTING TRIGONOMETRIC FUNCTION o + p

By comparing equation (1) with (10), it can be seen that
the thyristor operation state includes on-state, off-state, and
commutation state. When the thyristor is turned on or off,
the commutation ending angle could be obtained as (12) by
combining (3), (5) and (11).

Xon + Hon = Gon + Mon = €08~ (COS tton — 2XTIG[C)
on on on on on ﬁ Up
2
Xoff + Moff = Qoff + —— + Hoff (12)
2Xt1l, 2
= cos~ 1 (cos aoff — T dc) + idd

V3u, 3

Applying the double Fourier method to (10) directly,
the harmonic distortion cannot be derived due to inverse
trigonometric function in (12) and limitation of Bessel func-
tion. On the foundations of integral requirements and similar
trigonometric properties (see Fig.3), the function « + u could
be rewritten as Fourier series. A fitting result is obtained by
retaining the DC component and fundamental components in
the Fourier series. The fitting result has the same form as «
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expressed in (13).
o+ =ag+ajcosy (13)

where ag and a; are Fourier coefficients, which could be
calculated by (14),

w 21
aozz—yf Y (a + pdt
TJo, (14)

wy [ oy
a = —}/ " (o + ) cos wytdt
T Jo

Substituting (12), (13) and (14) into (10), interharmonics
could be calculated in (15).

1 o0
S1(x,y) = 3 + Z (A, cos mx + B, sinmx)

m=1

o o
+ Z Z [A],, cos(mx + ny)

m=1n=—00
n#0

+ B, sin(mx + ny)] (15)

Equation (15) is consistent with (6) in structure and
physical meaning, and the coefficients are illustrated in the
Appendix. Compared to (7), the coefficients of (15) expressed
by (A.1) have two similar items: the first has the same struc-
ture and physical meaning with (7), and the other presents
the influence of varied commutation overlap angle on the
harmonic amplitude. Equation (15) thereby considers the har-
monics caused by the firing angle disturbance and the variable
overlap angle. As a result, the proposed method is closer to
practical operating conditions.

IV. ACCURATE HARMONIC ANALYSIS OF A RECTIFIER

In this section, the switching function is established for a
rectifier, where both the firing angle and the overlap angle
fluctuate, the double Fourier decomposition results of DC
voltage are derived.

As shown in Fig.1, six thyristors are respectively conduct-
ing within 120° when the rectifier is under normal conditions.
Yet, if the firing command contains ripples, the driving pulse
generation instant changes, and the conduction duration of six
thyristors is not equal.

For the i-th thyristor, its corresponding firing pulse is still
generated by the same output phase angle of PLL. Hence, the
conduction state of thyristor i is expressed as (16),

S; (x.y) = Si (x - W y) (16)

According to Fig. 1, the switching function of phase a is
derived from reverse superposition between Si(x, y) and
Sa(x, y), which is expressed as (17).

Sa (x,y) = S1 (x,y) =S4 (x,y) 7)

The switching function of phase a can be obtained by sub-
stituting (15), (16) into (17). Similarly, the switching function
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of phase b and ¢ can be also obtained in (18).

Sj (x,y)

o0

= Z CnoJo(mM ) cos m(x — ag — 6;)
m=1

o
+ Z CimoJo(may) cos m(x — ag — 0;)

m=1

+SZ Z Cann(mM)cos[m(x—ao—ej)+n(y_%)]
m=1n=—00

n#0

+ Z Z Cann(mal)cos[m(x—ao—ej)+n(y_%)]

m=1n=—00

n#0
(18)

where §; and 6; are the switching functions and the initial
phases of phase j (j = a, b, c), respectively. The coefficients
Cnp are illustrated in (19).

2 . mm mim
Cypyn = — sin — cos — (19)
mi 2 6

a-phase voltage is regarded as a reference, and the
three-phase voltages can be expressed specifically by (20).

ug = Upcosx
2m

up = Up cos(x — ?) (20)
21

ue = Up cos(x + T)

where U, is the amplitude of AC phase voltage.
According to modulation theory, the relation between AC
and DC voltage in rectifier can be described as

ugc = Squg + Spup + Scuc 21

where uqc is the DC voltage output from the rectifier.
Substituting (18), (20) into (21), the harmonic analysis
results of DC voltage can be obtained in (22),

Ude = Udcl + Udc2 (22)

where u4.1 contains the DC component and the characteristic
harmonics with the orders of 6k (k = 1,2,3...), and uge2
is the sideband harmonic component, which is distributed
symmetrically on both sides of corresponding DC component
and the characteristic harmonics. The detailed expressions are
listed in the Appendix.

V. SIMULATION RESULTS
To verify the interharmonic calculation method proposed in
this paper, a three-phase rectifier bridge shown in Fig.1 and
the firing pulse generation module are established in
PSCAD/EMTDC. Specific parameters are shown in Table 1.
The simulation results are presented in Fig. 5. Fig. 5(a)
shows the firing pulse generation principle, where there are
six sawtooth signals from PLL and firing angle signal. The
DC voltage output of the rectifier is shown in Fig. 5(b),
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TABLE 1. Simulation parameters.

Module Parameter Value
Amplitude of phase voltage U, 2202 kV
AC voltage Frequency o, 50Hz
Reference phase 6, 0°
Command value ag 18°
o Fluctuation amplitude M 9°
Firing angle
Fluctuation frequency w, 10Hz
Initial phase 6, 0°
Short-circuit voltage V5% 18
Transformer Rated line voltage Vy 220 ,\ﬁ kV
Rated capacity Sy 1320MVA
27F r T . T =T
— 1 —4
~ —2—5
2 —3—6
72}
i)
oh
=
<
2
<
=
= A
0
0.6 0.62 0.64 0.66 0.68 0.7 0.72
Time (s)
(a)
550 E
>
=
3
2 450
)
&
S 350}
|©]
@)
250 " . . . A
0.6 0.62 0.64 0.66 0.68 0.7 0.72
Time (s)
(b)

FIGURE 5. Simulation measurements. (a) Firing angle generation
principle. (b) DC voltage waveform.

which indicates distinctly that fluctuation superposed on fir-
ing angle and subsequent overlap angle is transmitted to the
DC voltage.

For the accurate computation of harmonics, function
o + w should be first fitted according to (14). Fitting results
are expressed in (23), and the comparison results are pre-
sented in Fig. 6.

@+ = 36.92 + 4.596 cos y (23)

As shown in Fig. 6, the max fitting error appears at the peak
of a trigonometric function, and is not more than 0.5°, which
is acceptable.

The spectrum is presented in Fig. 7 to quantitatively ana-
lyze the harmonics in DC voltage, where the resolution ratio
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FIGURE 6. Comparison of simulation and fitting results.
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FIGURE 7. DC voltage spectrum.

is 1Hz. The analysis shows that fluctuation superposed on the
firing angle signal introduces interharmonics into the system.
It can be seen in Fig. 7, these interharmonics are symmetri-
cally distributed on both sides of the original characteristic
harmonics with the interval of 10Hz (fluctuation frequency).
Especially, when the characteristic harmonics exceed 600Hz,
the amplitude of interharmonics on both sides are even larger
than that of characteristic harmonics. Yet, these interharmon-
ics are neglected in the traditional analyzing method.

W
(=3
(<=}

> : :

4 [ Traditional method

3 100 B Proposed method

g [0 Simulation |]

g 300 b

jan)

o

& 200 1

=

Q

§ 100

g

=

Q _-j__:_——=|_

> 0

< 300 600 900
Frequency(Hz)

FIGURE 8. Characteristic harmonics comparison between the previous
and the proposed methods.

Additionally, the proposed method is utilized for the har-
monic calculation of DC voltage. The characteristic har-
monic comparison between the traditional method in [9]
and this paper is shown in Fig. 8. The results indicate that
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TABLE 2. DC voltage harmonic comparison between previous and
proposed method.

Frequency | Simulation Proposed Error Traditional Error
(Hz) kV) method(kV) (%) method(kV) (%)
0 448.5214 448.5853 0.0142 433.8771 3.265
10 24.9574 24.84 0.4704 - -
290 14.1875 13.7855 2.8335 - -
300 58.3335 58.2725 0.1046 41.7573 28.416
310 13.5735 13.7855 1.5619 - -
590 6.0313 6.1769 2.4141 - -
600 14.377 14.4718 0.6594 10.1681 29.275
610 6.6542 6.1769 7.1729 - -
890 12.5536 12.5935 0.3178 - -
900 7.4835 7.7415 3.4476 43183 42.296
910 12.9591 12.5935 2.8212 - -

TABLE 3. Operating cases.

Cases Fluctuation amplitude M (°) Fluctuation frequency w, (Hz)

1 9 10
2 5 10
3 9 20
4 5 20

LI s

W e

Oscilloscope

TMS320F28335
controllers

FIGURE 9. HIL platform setup.

the harmonics analysis precision of the proposed method is
higher than that of the traditional method since the proposed
method takes the firing angle ripple and the commutation
overlap angle variation into account. However, it cannot be
achieved in the traditional method.

More importantly, the previous analytical methodology
cannot provide results of interharmonics caused by firing
angle fluctuation and overlap angle disturbance. However,
the proposed approach can be applied to analyze the inter-
harmonics based on the generation principle of firing angle
in the converter. The simulation data presented in Table 2,
which describe DC voltage harmonics, indicate that the rel-
ative errors of the characteristic harmonics are all reduced
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FIGURE 10. The experimental results. (a) Case 1: M = 9°, wy = 10Hz.

(b) Case 2: M = 5°, wy = 10Hz. () Case 3: M = 9°, wy = 20Hz. (d) Case 4:
M = 5°, oy =20Hz. (a-phase voltage: 220 kV/div, T, firing pulse: 2 V/div,
DC voltage: 220 kV/div, Time: 20 ms/div).

by at least one order of magnitude, and the relative errors
of the interharmonics are almost within 3%. It verifies
high-precision and availability of the proposed method again.

VI. EXPERIMENTAL TEST

The experimental tests are executed to further verify the pre-
cision of theoretical analysis based on the proposed method.
The test parameters are shown in Table 1. In the experimental
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tests, the digital signal processor (DSP) TMS320F28335 is

used as the microcontroller,
loop (HIL) is used as the thre
setup is shown in Fig. 9.

The experimental cases are listed in Table 3. In each case,

and the hardware in the the three-phase rectifier is triggered by double-pulses. The
e-phase rectifier bridge. The a-phase voltage, T; firing pulse and the DC voltage are
shown in Fig. 10. It is obvious that DC voltage contains

o
1
taer = D 5 UpCroJo(mM)

m=1

00
1
+ Z E UpCmOJO(mal)

m=1

oo 0

Udc2 = Z Z %Upcmn-]n(mM)

m=1n=—o0

n#0

© >
+ Z Z EUpCann(mal)

m=1n=—00

n#0
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[ cos(m + 1)x cos may + sin(m + 1)x sin maorg

~+ cos(m — 1)x cos mag + sin(m — 1)x sin mo

2 ) 2 .
+cos(m + 1)(x — ?) cos mag + sin(m + 1)(x — ?) sin moy
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TABLE 4. DC Voltage harmonic comparison between experiment and
proposed method.

Frequency(Hz) Experiment (kV) miiﬁggili(\i/) Error (%)
0 446.9447 448.5853 0.3671
10 25.7980 24.84 3.7134

290 15.2882 13.7855 9.8291
300 59.9321 58.2725 2.7691
310 13.4866 13.7855 22163
590 5.8645 6.1769 5.3269
600 14.5369 14.4718 0.4478
610 6.7635 6.1769 8.6730
890 12.5853 12.5935 0.0652
900 7.8146 7.7415 0.9354
910 12.6680 12.5935 0.5881

fluctuation with the same frequency as the firing angle and
the subsequent overlap angle.

To further verify the effectiveness of the proposed har-
monic analysis method, the experimental data of DC voltage
harmonics in case 1 is presented in Table. 4.

VII. CONCLUSION

In this paper, an accurate harmonics analysis method for LCC
is proposed under the condition of firing angle fluctuation.
The transmission mechanism of interharmonics caused by the
firing angle ripple and the subsequent commutation overlap
angle variation is elaborated. The accuracy and correctness
of the proposed method are verified by the simulation in
PSCAD/EMTDC and experimental test. The main contribu-
tions and conclusions are summarized as follow:

1) The analysis for harmonic transmission of LCC in the
proposed method takes the firing angle fluctuation and
the subsequent overlap angle fluctuation into account.
The max fitting error is less than 0.5°.

2) The proposed method can be applied to calculate both
characteristic and interharmonics of DC voltage, and
the interharmonics are not considered in the previous
method. Furthermore, the relative errors of the inter-
harmonics are almost within 3%.

3) For characteristic harmonics, the analysis accuracy of
the proposed method is still higher than that of the tra-
ditional method, and the relative errors can be reduced
by at least one order of magnitude.

Moreover, the proposed method can be easily extended to

asymmetrical modulation and unbalanced conditions in LCC.

APPENDIX

The coefficients for (15) are expressed in detailed by (A.1),
as shown at the bottom of the previous page. Meanwhile,
uge1 and ugcr with commutation overlap angle variation can
be expressed in detailed by (A.2), (A.3), as shown at the
bottom of the previous page, respectively.
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