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ABSTRACT: Harmonic analysis has become an important issue in modern power systems. The
widespread penetration of non-linear loads into the emergence of power systems has turned power
quality analysis into an important operation issue under both steady state and transient conditions.
This paper employs a Dynamic Harmonic Domain (DHD) based framework for the dynamic harmonic
analysis of VSC-HVDC systems. These systems are widely used in modern power systems in both
distribution and transmission levels in order to provide voltage profile improvement, power flow control,

and power loss reduction. In this paper, appropriate modeling of VSC-HVDC systems for harmonic  Keywords:

propagation is performed by means of switching function which provides a connection between DC  vSC-HVDC

and AC sides. Also in this paper, dynamics related to DC side capacitor are taken into account which  Dynamic Harmonic Domain
can greatly affect the transient response. In order to validate the results, the proposed method has been  power Quality

successfully tested on a test system and the obtained results are compared to those of a time-domain  Steady State Response

software, followed by a discussion on results.

Switching Function

1- Introduction

Harmonic analysis and power quality assessment have
become important issues in modern power systems [1].
Nowadays, power systems include many power electronic
devices, such as Voltage Source Converter (VSC) which is
the main building block of Flexible AC Transmission System
(FACTS) devices that are widely used in modern power
system in order to improve voltage profile, transient stability,
loadability and power flow control [2]. VSC uses multilevel
arrays and/or Pulse Width Modulation (PWM) to control
power, voltage and current [3]. However, these devices are
one of the main harmonic sources in the modern power
systems due to their switching nature [4].

Harmonic analysis can be conducted in both time and frequency
domains based on the available tools. Harmonic analysis in the
time-domain would need an additional processing procedure,
such as Windowed Fast Fourier Transform (WFFT) which
allows the calculation of the harmonic content by sliding a
Fast Fourier Transform (FFT) window [5]. It is worth noting
that numerical errors, such as Gibbs oscillation and the picket-
fence effect are considerable especially for fast transient studies
[6]. A great approach for steady-state harmonic analysis is
the harmonic domain (HD) which models the coupling of
harmonics in the nonlinear systems very accurately [7]. This
methodology has been effectively applied to power electronic
systems and FACTS devices [8-18]. It should be noted that an
alternative hybrid time-frequency domain method in order to
compute the steady-state response of an electrical system is
presented in [19].

The HD approach has been further extended to include the
dynamic analysis of harmonics during transient states. The

Corresponding author; Email: ehsankarami@aut.ac.ir

31

method is called Extended Harmonic Domain (EHD) or
Dynamic Harmonic Domain (DHD). As shown in [20], the
DHD is a powerful method which contributes to the accurate
assessment of power quality. This approach provides the
calculation of harmonic content step-by-step. One of the
main salient features of this method is its straightforward
initialization in comparison with the time domain. Combining
this method with companion circuit modeling leads to a
powerful analytical technique called dynamic companion
circuit modeling [13]. The DHD has been used in order to
exact harmonic analysis of FACTS devices, synchronous
machines, transmission lines and transformers [13], [20-26].
In[26], physical meaning of transient harmonics is put forward
by using DHD methodology. A novel approach for steady
and dynamic states harmonic analysis of power systems is
presented in [27]. It employs a decomposition framework so
that harmonic producing devices are considered as separate
subsystems which are solved via the extended harmonic
domain technique. Application of DHD approach for
investigating the effect of the source phase angle on harmonic
content and time domain response during both transient and
steady states is presented in [28]. It is shown that shifting all
the sources does not affect the harmonics magnitude and only
harmonics phase angles are linearly shifted according to their
harmonic order.

In this paper, the DHD methodology along with switch-ing
function concept is used for the dynamic harmonic analysis
of VSC-HVDC systems by obtaining state-space model.
Also, a general procedure for the calculation of switching
function is proposed which can be implemented without any
complexity and takes into account different switching types.
The proposed method has been successfully tested on a test
system and the obtained results are compared to those of a
time-domain software, followed by a discussion on results.
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2- Dynamic Harmonic Domain

The main idea behind DHD is that periodic function x(t) can
be approximated by time dependent Fourier series as shown
in Eq. (1):

x(H) = X, (e (1)

The complex Fourier coefficient X,(t) is time varying. By
considering only first h harmonics, Eq. (1) can be rewritten in
matrix form as follows:

x() =G () X(t) 2)
where ) .

e (X ,(0)]

e—jmnt X_] (t)
G(t)= I [,X(t) =] X,(t)

e Xl(t)

S | X (D]

Considering the following state-space equation:

x(t) = a(t)x(t) + b(t)u(t) (3)

where, x(t), a(t), b(t) and u(t) are periodic functions. Using
the general form of (2) in (3) it is not difficult to show that:

x(t) = GT(0)D(jho,) X (t) + GT ()X (1) (4)
where, D(jhay) is given by:
o -
-1
D (jho,)=jo, 0
1
L h_
Also
a(t)x(t) = GT (HAX(7) (5)
In Eq. (5), A has Toeplitz structure given by:
_Ao A, - A, ]
4, . .
; 4, A,
A=4, A, A4, A, A,
A4, 4, ;
. A,
L 4, 4, A, i

where, the entries in A are the harmonic coefficients of a(t). In
the same manner, we can obtain that:

b(t)u(t) = G (t)BU (6)
Using (4), (5) and (6) in (3):
G'(1)D(jho,)X(t) +G" (1) X(t) =

(7
G (H)AX(t)+G"(t)BU

Dropping G'(t) from both sides of (7) and solving for the
state variable results in:

X(t) = {A - D(jhw,)}X(t)+ BU (®)

Eq. (8) is the transformation of (3) into the DHD, where the
state variable in (3) is x(t) and in (8) is the harmonics of x(t). By
comparing (3) and (8), one can observe that DHD transforms
linear time periodic (LTP) system to linear time invariant (LTT)
system. A particular case of (8) is the steady state which is
reduced to a set of algebraic equations.

Solving Eq. (8) needs a numerical integration method. In this
paper, ode45 solver in Matlab® with a time step of 10s is used.

2- 1- Steady State Response

Steady state response can be easily reached by DHD method.
In the steady state condition, a derivative of the state variables
in Eq. (8) is equal to zero which means 0=(A—D)X+BU. This
equation can be rewritten as follows:

X = {D(jho,)-A}'BU )

Eq. (9) shows one of the main salient features of DHD method
against time domain simulations. In the steady state all the
above matrices are constant and therefore the solution for
state variables is straightforward. However, in the presence
of non-linear components, an iterative process is required.

It should be noted that, Eq. (9) can be used as initial condition
for Eq. (8) for dynamic analysis purposes. This equation is
used in following sections.

3- Voltage Source Converter State Space Model

Thebasic VSC schemeis shown in Fig.1. The operation of VSC
based devices depends on the conduction of semicon—ductor
valves such as IGBTs, and it interconnects the AC system
with the DC system. This conduction interval of the valves
can be described by means of switching func—tion. In this
study, the switching function is used in order to provide a
meaningful connection between AC and DC sides.

The voltage equations that relate the AC side with the DC
side are given by:

Va, = 8aVbe, Ve, = S6Vbpe, Ve, = ScVbe (10)

where, s,, s, and s. are switching functions that represent
the operation of VSC. If the VSC is assumed to be lossless,
instantaneous power at AC side is equal to instantaneous
power at DC side as shown in Eq. (11):

LV, TV, 1V =1pcVne (11)

If the converter is not ideal, losses can be modeled through
adding a resistance to the DC side [22]. Moreover, switching
losses of the converter can be included by adding a current
dependent resistance to the DC side as described in [3].
Employing (10) in (11) yields an expression for ipc.
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Fig. 1. VSC connected to AC system
Sala + Sblb + Sclc = 1DC (12)

Keeping in mind that DC side current may be written in terms
of the dynamic equation of the capacitor.

dvpe

iDc =C dt

(13)

The voltage drop across the three phase impedance of VSC
circuit in Fig. 1 is as follows:

v,—v, =R, +L di,
. di,

vV, —V, =R, +L— (14)
di,

v.—v, =Ri +L

Combining equations (10)-(14) yields the state space model
for VSC as follows:

o
N I 1

dt L L

di, 0 _R o _S» 'a Va

dt | _ L L% | 1Ve (s
di, 0 0 R s i | Ly,

dt L L Ve

Sa Sb ¢

e N
Ldt | L C J

This equation can be easily transformed into the DHD.
According to Eq. (8), Eq. (15) in the DHD is given by:

oo o 0 L
) L L
I, R 1L v,
. ZU-D _—
I _ 0 L U ’ st L 1}V,
il R Lol [Tz]v e
L 0 0 -SU-D - | ¢ c
W Ls 1L o

c c Esc -D

where U is identity matrix and 0 is matrix of zeroes.
It should be noted that both U; and 0 have dimension of
(2h+1)x(2h+1). These equations are the basics for modeling
of VSC-HVDC systems.

VSC-HVDC system is modeled by following the same
procedure and considering that DC side current and voltage

are affected by two VSCs.
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3- 1- DC Side Voltage Control

In the VSC, it is desired that the voltage in the DC side be
constant all the time. Hence, a PI controller as shown in Fig. 2
can be employed to maintain DC side voltage at the constant
value by appropriate shifting of switching function [11].

4- Switching Function

There are different switching strategies for power electronic
converters, such as harmonic elimination and PWM. In some
cases, there is a straightforward manner to calculate switching
function according to Fourier coefficients. For instance, in
harmonic elimination technique switching pulses are applied
so that predetermined harmonics are eliminated at the AC side.
It can be shown that in order to eliminate n harmonics at the
AC side, n pulses are needed to be applied to semiconductor
valves which are obtained through an iterative process [1].
For example, in order to eliminate the fifth, seventh, 11th,
13th and 17th harmonics, the calculated switching angles are
11.35°,17.27°, 23.81°, 34.88° and 37.27°, respectively. The
harmonic content of switching function is shown in Fig. 3.
According to this figure, associated harmonics are effectively
eliminated at the AC side. Furthermore, this figure emphasizes
on the significant magnitude of higher order harmonics.

In some cases, extra mathematical computations are required
in order to obtain the switching function.

For instance, PWM switching is based on the comparison of
two signals in which different parameters like modula—tion
index and switching frequency affect the output. In order to
overcome the mentioned complexities with both calculation
and computer implementation, a general pro—cedure as
shown in Fig. 4 is proposed to calculate switching function of
every switching strategy.

5- Simulation Results

In order to access the effectiveness and precision of DHD
approach in analyzing VSC-HVDC, test system shown in
Fig. 5 is used. Series resistance and inductance are 0.051Q
and 0.027mH, respectively. DC side capacitor has a value of
4950pF. Both sending and receiving end voltages are balanced
with the magnitude of 1p.u. and phase shift of 120° between
phases. Harmonic elimination technique is employed in both
converters in order to eliminate fifth, seventh, 11%, 13 and
17" at the AC sides and associated switching functions are
obtained by following the proposed method in Fig. 3. In
order to control the power flow switching shift in sending
and receiving ends are set to 10° and —10°, respectively. It
should be noted that all results are shown in p.u.

5- 1- Steady State Response

As mentioned in the previous sections, one of the main
advantages of DHD method is the straightforward solution
for steady state response by solving Eq. (8).

Steady state harmonic content and time domain responses
for receiving end currents are shown in Figs 6 and 7,
respectively. Also, DC side voltage is shown in Fig. 8. By
analyzing the waveforms, it can be seen that the steady state
initial condition was exact since no transient at the beginning
of the simulation was identified and simulation starts from
steady state.
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Since the system is completely balanced, Total Harmonic
Distortion (THD) of receiving end currents are the same and all
equal to 36%. THD for sending end currents is equal to 33.36%.
It should be noted that according to Eq. (10) and keeping in
mind that DC side voltage can be represented by Fourier series
as Eq. (1) and since switching functions and DC side voltage
contain only odd and even harmonics, respectively; the fifth
harmonic is not completely eliminated at AC sides.

5- 2- Dynamic Analysis
In this study, it is assumed that a disturbance lasting 10ms
takes place at a time 100ms. During the disturbance, the

36

voltage v,, is set to half of its prefault value. Harmonic
content of both sending and receiving ends of phase “a” and
“c” currents are depicted in Figs 9 and 11, respectively. The
time representation of sending and receiving ends currents
are given in Figs 10 and 12, respectively. These results show
that harmonics react very sharply to system disturbances;
they give very accurate information of the instant when the
disturbance starts and finishes.

DC side voltage harmonic content along with its time domain
response are depicted in Fig. 13. According to this figure,
DC component starts to reduce while both second and 4th
harmonics magnitude increase.

Figs 14-17 show active and reactive powers at both sending
and receiving ends calculated by using P=%" VI and,
iino respectively [11]. As these Figs n=i_#npnlyn the
2 b
variation of phase “a” parameters (faulty phase) takes
place very sharply. Since DHD method provides the exact
calculation of dynamic electrical indices, it can be used in
phasor based softwares in order to incorporate harmonic
analysis during the transient period.

In order to investigate the effects of higher order harmonics
(h value in Eq. (1)) on the accuracy of the results, receiving
end current of phase “a” is shown for 50 harmonics under
study in Fig. 18. This parameter greatly affect the simulation
run time so that simulation run time for 9 and 50 harmonics
under study are 3.14s and, 13.05s, respectively. According to
the results of Fig. 18 and the required simulation run time
for different values of a number of harmonics under study,
a compromise between accuracy and required simulation
time in order to use benefits of DHD method in harmonic
analysis is essential. Usually, in normal operation condition
like harmonic power flow, based on the used switching
characteristic in power electronic converter, analyzing 25
harmonics will be enough and provides technical requirements.
However, for more accurate purposes like resonance analysis,
more harmonics should be included.

Fig. 19 compares the results given by time domain solution
method and the DHD (nine harmonics are used). The accuracy
of the DHD solution increases when the number of harmonic
coefficients increases so that both results can be compared
very well when 50 harmonics are used. It should be noted that
the solution with a reduced number of harmonics shows to be
a good averaging method.

6- Conclusion

This paper described the dynamic harmonic analysis of
VSC-HVDC systems by employing the Dynamic Harmonic
Domain method and solving state space model. In the extended
VSC-HVDC model, AC and DC sides are connected through
switching function. Moreover, a general procedure in order
to calculate the switching function by using time domain
and FFT is proposed. The proposed solution approach for
analyzing VSC-HVDC systems is fully frequency dependent,
which provides a step-by-step procedure for following the
harmonics evolution with respect to the time. It should be
mentioned that according to the proposed representation for
VSC-HVDC systems, an equivalent impedance is obtained
which depends on switching procedure and -electrical
parameters and it could be used for resonance analysis. The
proposed solution and extended equations were applied to a
test system followed by the discussion on results.



E. Karami et al., AUT J. Elec. Eng., 49(1)(2017)31-38, DOI: 10.22060/eej.2016.816

References
[1]JE. Acha and M. Madrigal, Power Systems Harmonics:
Computer Modelling and Analysis. John Wiley & Sons, 2001.

[2]N. G. Hingorani and L. Gyugyi, Understanding FACTS:
Concepts and Technology of Flexible AC Transmission
Systems. John Wiley & Sons, 2000.

[3]E. Acha, B. Kazemtabrizi, and L. M. Castro, “A New
VSC-HVDC Model for Power Flows Using the Newton-
Raphson Method,” IEEE Trans. Power Syst., vol. 28, no.
3, pp. 2602-2612, Aug. 2013.

[4] P. Nguyen and M. Han, “Study on harmonic propagation of
VSC-based HVDC systems,” in 2014 International Conference
on Power System Technology, 2014, pp. 2146-2153.

[5]G. T. Heydt, P. S. Fjeld, C. C. Liu, D. Pierce, L. Tu,
and G. Hensley, “Applications of the windowed FFT to
electric power quality assessment,” IEEE Trans. Power
Deliv., vol. 14, no. 4, pp. 1411-1416, 1999.

[6]J. G. Proakis and D. G. Manolakis, Digital Signal
Processing: Principles, Algorithms, and Applications.
Simon & Schuster Books For Young Readers, 1992.

[71E. Acha, “Modeling of Power System Transformers
in the Complex Conjugate Harmonic Domain Space,”
Ph.D. dissertation, Univ. Canterbury, 1988.

[8]G. N. Bathurst, B. C. Smith, N. R. Watson, and J.
Arrillaga, “Modeling of HVDC transmission systems in
the harmonic domain,” IEEE Trans. Power Deliv., vol.
14, no. 3, pp. 1075-1080, Jul. 1999.

[9] G. N. Bathurst, N. R. Watson, and J. Arrillaga, “Modeling of
bipolar HVDC links in the harmonic domain,” IEEE Trans.
Power Deliv., vol. 15, no. 3, pp. 1034-1038, Jul. 2000.

[10]C. S. Bruce, “A Harmonic Domain Model for the
Interaction of the HVdc Converter with AC and DC
Systems,” Ph.D. dissertation, Univ. Canterbury, 1996.

[I1]M. Madrigal, “Modeling of Power Electronics
Controllers for Harmonic Analysis in Power Systems,”
Ph.D. dissertation, Univ. Glasgow, 2001.

[12]L. T. G. Lima, A. Semlyen, and M. R. Iravani, “Harmonic
domain periodic steady state modeling of power electronics
apparatus: SVC and TCSC,” IEEE Trans. Power Deliv.,
vol. 18, no. 3, pp. 960-967, Jul. 2003.

[13] H. Garcia, M. Madrigal, B. Vyakaranam, R. Rarick, and
F. E. Villaseca, “Dynamic companion harmonic circuit
models for analysis of power systems with embedded
power electronics devices,” Electr. Power Syst. Res., vol.
81, no. 2, pp. 340-346, Feb. 2011.

[14] M. Madrigal and E. Acha, “Modeling of custom power
equipment using harmonic domain techniques,” in Ninth
International Conference on Harmonics and Quality of
Power. Proceedings, 2000, vol. 1, pp. 264-269.

[15]C. D. Collins, G. N. Bathurst, N. R. Watson, and A.
R. Wood, “Harmonic domain approach to STATCOM
Modeling,” IEE Proc. - Gener. Transm. Distrib., vol. 152,
no. 2, p. 194, Mar. 2005.

[16] C. D. Collins, N. R. Watson, and A. R. Wood, “Unbalanced
SSSC Modeling in the harmonic domain,” in 2005 International
Power Engineering Conference, 2005, pp. 705-710 Vol. 2.

[17] C. D. Collins, “FACTS device modeling in the harmonic
domain,” Ph.D. dissertation, Univ. Canterbury, 2006.

[18] C. Collins, N. Watson, and A. Wood, “UPFC Modeling
in the Harmonic Domain,” IEEE Trans. Power Deliv.,
vol. 21, no. 2, pp. 933-938, Apr. 2006.

[19]M. Caixba and A. Ramirez, “A frequency-domain
equivalent-based approach to compute periodic steady-
state of electrical networks,” Electr. Power Syst. Res.,
vol. 125, pp. 100-108, Aug. 2015.

[20]J. J. Rico, M. Madrigal, and E. Acha, “Dynamic
harmonic evolution using the extended harmonic
domain,” IEEE Trans. Power Deliv., vol. 18, no. 2, pp.
587-594, Apr. 2003.

[21] M. Madrigal and J. J. Rico, “Operational Matrices for
the Analysis of Periodic Dynamic Systems,” IEEE Trans.
Power Syst., vol. 19, no. 3, pp. 1693—-1695, Aug. 2004.

[22]P. Zuniga-Haro, “Harmonic modeling of multi-pulse
SSSC,” in 2009 IEEE Bucharest PowerTech, 2009, pp. 1-8.

[23]1B. Vyakaranam and F. E. Villaseca, “Dynamic
modeling and analysis of generalized unified power flow
controller,” Electr. Power Syst. Res., vol. 106, pp. 1-11,
2014.

[24]J. J. Chavez, A. Ramirez, and V. Dinavahi, “Dynamic
harmonic domain modeling of synchronous machine and
transmission line interface,” IET Gener. Transm. Distrib.,
vol. 5, no. 9, p. 912, Sep. 2011.

[25]J. J. Chavez and A. Ramirez, “Dynamic harmonic domain
modeling of transients in three-phase transmission lines,” IEEE
Trans. Power Deliv., vol. 23, no. 4, pp. 2294-2301, Oct. 2008.

[26] Karami, E., Madrigal, M., Kouhsari, S. M., and Mazhari,
S. M. (2016), “A Dynamic Harmonic Domain-Based
Framework to Detect 3-Phase Balanced Systems under
Dynamic Transients: the Test Case of Inrush Current
in Transformers”, Int. Trans. Electr. Energ. Syst., doi:
10.1002/etep.2252.

[27]S. M. Mazhari, S. M. Kouhsari, A. Ramirez, and E.
Karami (2015), “Interfacing Transient Stability and
Extended Harmonic Domain for Dynamic Harmonic
Analysis of Power Systems,” IET Gener. Transm. &
Distrib., 10.1049/iet-gtd.2015.1342

[28] Karami, E., Gharehpetian, G. B. and Madrigal, M.
(2016), “A Step Forward in Application of Dynamic
Harmonic Domain: Phase Shifting Property of
Harmonics”, IEEE Trans. Power Deliv., doi: 10.1109/
TPWRD.2016.2574365.

Please cite this article using:

HVDC Systems”, AUT J. Elec. Eng., 49(1)(2017)31-38.
DOI: 10.22060/e¢j.2016.816

E. Karami, M. Madrigal, G. B. Gharehpetian,”Dynamic Harmonic Modeling and Analysis of VSC-







