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Abstract: A three-phase dynamic phasor (TPDP) model of high-voltage direct current (HVDC) systems is proposed. The proposed TPDP
model of HVDC systems can rapidly solve the dynamic characteristics of HVDC systems under the asymmetrical conditions of an alternating
current system. The switch function model of the converter is enhanced according to commutation process analysis of the converter. Due to the
frequency characteristics analysis results, the TPDP model of the HVDC systems including the converter, DC line, and controller are estab-
lished through dynamic phasor theory. Simulation results show that the proposed model is effective and acceptable.

1 Introduction

High voltage direct current (HVDC) transmission technology has
been widely used in the world because of its advantage of long-
distance large-capacity transmission. Especially in China, 24
HVDC transmission projects have been built until 2017 and the
Chinese power grid has been the most complex alternating
current (AC)—direct current (DC) interconnected power grid with
the most number of HVDC transmission projects in the world [1].
To analyse the dynamic process of the AC-DC system, the differ-
ence modelling and simulation methods of HVDC systems
having different levels of details and being suitable for different re-
search purposes have been an important research topic.
Nowadays, the simulation models of HVDC transmission
systems used in the power system simulation widely are divided
into two categories: the electromagnetic transient (EMT) model
[2] and the electromechanical transient model [3]. The EMT
model can reflect the dynamic process of the fundamental fre-
quency and other harmonics under the symmetrical and asymmet-
rical conditions of AC systems, but this simulation model needs a
lot of computer calculating resources and is unsuitable for simula-
tion of large-scale power systems. The EMT model uses the
quasi-steady-state model = of power  systems  where
steady-state-equations and root-mean-square values are used and
are suitable for large-scale power systems, but it only represents
the fundamental frequency response of power systems. To solve
the contradiction between simulation precision and simulation
scale, the dynamic phasor theory is introduced into the modelling
and simulation of power systems [4]. This theory deduces the time-
varying Fourier series of the main time-domain signals of power
system models based on Fourier transformation to build their
dynamic phasor models reflecting the dynamic characteristics of
the power system. Simulation models of the converter of power
electronic devices which are differential models in the EMT simu-
lation can be built as an algebraic model based on the dynamic
phasor theory and dynamic phasor models of dominant frequency
components of the converter can be built according to the
demand of simulation accuracy. This theory has been widely used
in modellings and simulations of HVDC systems under symmetric-
al conditions of AC systems [4, 5], the converter of HVDC systems
under asymmetrical conditions of AC systems [6, 7], grid-
connected rectifiers [8§—11], modular multi-level converters [12]
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and some other power electronic devices. However, the switch
functions built in [6] do not consider the influence of commutation
angle adequately and cannot represent the switch and commutation
process accurately, the dynamic phasor models built in [7] only
consider the fundamental component in the AC side and DC com-
ponent in the DC side and cannot fully represent the main frequency
characteristic of HVDC systems.

We focus on the three-phase dynamic phasor (TPDP) model of
HVDC systems including the models of the converter, DC line,
and controller to represent the main frequency characteristics of
HVDC systems under asymmetrical conditions of AC systems.
The following sections are organised as follows: Section 2 estab-
lishes the switch functions model for the converter considering
the influence of commutation angle under asymmetrical conditions
of AC systems adequately. Section 3 proposes the TPDP model of
HVDC systems based on the established switch functions model
and the frequency analysis of HVDC systems under the asymmet-
rical conditions of AC systems. Section 4 analyses the simulation
process of the proposed TPDP model. Section 5 shows the simula-
tion results and Section 6 draws the conclusions of this study.

2 Switch function model considering commutation angle

The 6-plus HVDC transmission systems are shown in Fig. 1, where
L, and L; are commutation reactors for rectifiers and inverters; Ly is
the DC line flat wave reactance; Ry is the DC line resistance; Cy is
the parasitic capacitance of the DC line to ground; vy, and iy, are the
voltage and current at the DC side of the rectifier, respectively, vg;
and iy; are voltage and current at the DC side of the inverter, respect-
ively; vqc and ig. are voltage and current of the DC capacitor, re-
spectively; Vi, Vib, Vies kras iy and i are the AC side voltage and
current of the rectifier, respectively; Vi, Vib, Vic, fias b, and ijc are
the AC side voltage and current of the inverter, respectively.

The waveform of the switch function shown in Fig. 2 considers
the offset effect of the commutation angle and can reflect the switch
and commutation process of the converter accurately, where o and u
are firing angle and commutation angle, respectively, its Fourier
series expression is shown as

S:iAncos(nTM) cosn(wt—a—%), (1)
n=1
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Fig. 1 Schematic diagram of DC transmission system
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Fig. 2 Diagram of switch function waveform
where #n is a positive integer, 4, = (4/zn)sin(zn/2)cos(zn/6). 4,=0

when » is a multiple of 2 or 3.
Suppose the three-phase voltage is shown as follows:

v, €08 (@ + @)

Va v, cos| wt + —2—77
v [ =] ), @
v,

27
v, cos| wt + ¢, — 3

where ¢y,, @b, and ¢, are initial phase angles of the three-phase
voltage.

Ignore the error of the commutation phase angle of converter
caused by ¢y,, ¢y, and ¢, the commutation angle of the converter
can be calculated by using the following equation [6]:

3)

ﬁ)qid) .
E

m= cos™! (cosa —

where X; is the leakage reactance of the converter transformer and £
is the effective value of the line voltage at the converter side of the
converter transformer.

The voltage and current switch functions are shown as follows:
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3 TPDP model of HVDC systems

The TPDP model of HVDC systems includes the TPDP model of
the rectifier and inverter of HVDC systems, the TPDP model of
the DC circuit, and the dynamic phasor model of the controller.
Detailed models are given below.
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3.1 TPDP model of the converter

When asymmetric faults happen at AC systems, the main non-
characteristic harmonics reflecting the dynamic characteristics of
AC-DC systems are that the DC voltage and DC current at the
DC side contain DC and second harmonic components and the
AC current at the AC side of the converter contains the fundamental
and third harmonic components [6]. According to the switch func-
tion model, the modulation theory of the converter [13] and the
dynamic phasor theory [6], assume that the fundamental frequency
of the power system is fj, and the AC system has asymmetric faults,
the dynamic phasor model of the DC voltage of the TPDP model of
the rectifier as

1
<Vdr>0(t) = E(Vra(t) + Vrb(t)

Fo o o0+ 157)

A t - (6)
(v )a(t) = cos Mrz( ) (Vo ()00 2600

V(1) OO/ 24 20~/ 3)
Tl

T V(OO0 2 4/
e °

The dynamic phasor model of the AC current at the AC side of the
TPDP model of the rectifier as

[ GO T GaSian O] [ Cardo@Sigad1 (1) + gy (ST @) ]
Gph @ | = CGaSuuh @ | = CardoOSip)1 (1) + Cige), OSip) ()

L <irc>l (t) . - <idrSirc>l(t) a L <idr>0(t)<Sirc>1(t) + <idr>2(t)<Sirc>T(t) _

i <ira>3 (Z) ] i <idrSira>3([) ] i <idr>2(t)<Sira>1(t) + <idr>;(t)<Sira>5(t) ]
()3 | =] GaSin)s () | = Gy (DSin); () + (idr>;(t)<sirb>5([)

L Gees @ | | GarSiees@ | | Garda(0)Sixedi (O + (g3 (OS5 (8) |
@)
where
(S, () = isinn“_r(t)ein(far(t)f(ur(t)/2>+<pm)7
mwa’n nMr(t) 2
4 . N (t) jn(— — ) —Qn/3
S ) (1) = —2= THAD) in(—an ()= (0)/2)+ @41y —(27/3))
< rb)n( ) nMr(t) sin > , (8)
(St = —A” SinnM—r(t)ein(_ar(t)_(#r(f)/z)+‘Pvrc+(2‘n'/3))'
mwa’n nl,Lr(t) 2

The TPDP model of the inverter is similar to the TPDP model of the
rectifier.

3.2 TPDP model of the DC line

The dynamic equation of the DC line of the HVDC system shown
in Fig. 1 as

L, dig, Ry .
7 dl‘r =Var — Vdec — Tldr’
Ly dig; Ry .
Ed_t‘ = Vdc —Vdi — jldi, )
dvy
Cac th = lge

According to the frequency characteristics of the DC side of HVDC
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systems [6], the TPDP model of the DC line as

Ly &igy) Ry
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d(vye) . .
Cyc ddt 2 = (ige)y = 20C3(vge)s-

3.3 Dynamic phasor model of the controller

The constant current control and constant extinction angle control
are usually used at the rectifier and inverter of HVDC systems, re-
spectively, and current error control and voltage dependent current
control are also used [14].

The structure of the constant current control used at the rectifier is
shown in Fig. 3, where K, and T; are the proportional constant and
integral time constant of proportional-integral controller, respect-
ively. iq4, is a measured value of the DC line current at the rectifier
side, igrer 1S a reference value of the DC current, 5, and o, are
advanced firing and firing angles of the rectifier, respectively.

The dynamic equation of the constant current control is as
follows:

dx, 1 1

E:

o (?) = 7 = X,(1) = Ki(lgrer (1) — 14:(7))-

By iy
Tr dr Tr drref (11)

Considering the filtering action of the measurement system in the
actual system, the controller considers the 0-order dynamic
phasor. The dynamic phasor model of the constant current control
is as follows:

d{x,)o 1, 1.
a i<ldr>0 +ildrref’ (12)

=7 — (%) — K lamer — {Gardo)-

The structure of constant current control used at the inverter is
similar to the constant current control used at the rectifier. To main-
tain the stability of the controller, the reference value of the DC
current of the constant current control used at the inverter is
lower than that at the rectifier by 10%.

When the constant extinction angle control and current error
control are used at the inverter, the DC voltage of the inverter is
as follows:

3
Vi = Vio€OS(Yrer t Yerr) — ;wLildi’ (13)

Fig. 3 Structure diagram of the rectifier current controller
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where y,.r is the reference value of the extinction angle of the con-
stant extinction angle control and y.,, is the increment of the extinc-
tion angle outputted by the current error control. The DC voltage of
the inverter can also be calculated using (14) by the advanced firing

angle S;
3 .
Vai = VaiocosPi + ;wLildi' (14)

Consider (13) and (14), we can obtain the control law of the con-
stant extinction angle control used at the inverter as

6
Bi(#) = arccos (COS(Vyer + Yerr()) — a®) wL;ig (7)), a5

a(t) = 7~ B(0).

Therefore, the dynamic phasor model of the constant extinction
angle control used at the inverter as

6
Bi = arccos(cos(yref + Yew) - N wLi<idi>0>»
™(Vaiodo (16)

o =7—B.
The coordination among the controllers is described in [15].

4 Simulation process of three phase dynamic phasor model

To obtain the input of the model easily, the input is the time domain
values of the three-phase voltage of AC systems, and the output is
the time domain values of the DC voltage, the DC current, and the
AC current. The simulation process of the proposed model is
achieved by the dynamic phasor. Therefore, the conversion
between dynamic phasor values and time domain values is required.

According to the definition of the dynamic phasor, when the
simulation step is A¢, the transformation from the time domain
values to the values of the kth order dynamic phase as

!
X)) = lj x(r)e HCPDTq7
T)ir

1 a7
=— "x(t — T + nAr)e K@/ Dit=T+nkn)
v

where N=T/At.

The transformation from the dynamic phasor values of the DC
voltage, v4, the DC current, iy and the AC current, i, i, ik, tO
time domain values as

va(1) = edo() + (D™ + (v, (t)e !

. (18)
= (vgo(t) + 2Re((v), (),

ig(t) = <id>0(t) + <id>2(l)ej2wt + <[d>_2(t)e—j2wt

. (19)
= (igho(1) + 2Re((ig), (),

(see (20))
The simulation method of the proposed TPDP model is: use the im-
plicit trapezoidal integration method to difference dynamic phasor
models of the DC line and the controller, then the processed
dynamic phasor models of the DC line and the controller
combine with dynamic phasor models of the rectifier and the invert-
er to achieve the simulation. The simulation process of the TPDP
model proposed in this study is shown in Fig. 4, the model of the
controller delay models of the converter and the DC line one simu-
lation step.

This is an open access article published by the IET under the Creative Commons

Attribution License (http:/creativecommons.org/licenses/by/3.0/)



vafth s waiths vifth

Three phase dynamic model
veltage part of rectifier and
inverter

{va )y @ {va ), (0

[CARGIAN G

{va ) - (v, ), -0

(Valole— a0, (- 20 DC line dynamic
{is }o =80 -{ip )}, (r - A1) vector model

| Gadele— a0 {ia)s (- a0)

¥
[USRGRTR
{fade (R {1,), (0

% @

vedr(eh . valifi)
idris) . ielifn)

The controller
model

o, (t— Ar). v 1
: Three phase
a_{l—l Ar) @, (1t dynamic model

current part of
rectifier and inverter

(RO ]

Fig. 4 Simulation process of TPDP model of HVDC systems

5 Simulation analysis
5.1 Simulation test system

The simulation test system is the 12-pluse monopolar HVDC
system shown in Fig. 5. The effective values of line voltages of
AC systems at the rectifier and inverter side are 345 and 230kV, re-
spectively, the converter transformer ratio from AC side to convert-
er side at the rectifier side is 345/213.4557, the converter
transformer ratio form the AC side to converter side at the inverter
side is 230/209.2288. The fundamental frequency is 50 Hz. The DC
voltage and current are 500 kV and 2 kA, respectively. The resist-
ance and inductance of the DC line are 5 Q and 1.19 H, respective-
ly, the capacitance is 50 uF.

The constant current control and constant extinction angle
control are used at the rectifier side and inverter side, respectively,
and the current error control and voltage dependent current control
are used. The EMT model of the test HVDC systems is established
in the EMT simulation program PSCAD/EMTDC, and simulations
of the proposed TPDP model and the TPDP model combined the
TPDP model of the converter proposed in [6] with the dynamic
phasor model of the DC line and the controller are established by
MATLAB codes, where the simulation steps of the EMT model
and the dynamic phasor model are 100 and 50 ps, respectively.

5.2 Simulation results

The comparisons among simulation results of the EMT model and
dynamic phasor models under the three fault types shown in Table 1
are made. The fault happened at the inverter side consider the type
of fault that does not cause the commutation failure and is one kind
of ground fault through resistance happened on the AC side of the
inverter.

e b B El
e (7Y E b
—4g a—o2
R | v
PN ¥
&2 ok

Fig. 5 Monopolar 12-pulse HVDC systems

Table 1 Fault types of simulation

Cases Fault description

fault phase A of the AC side of rectifier is grounded at 1.5 s and lasts

1 0.05s
fault phase A of the AC side of rectifier is grounded at 1.5 s and lasts
2 0.1 s, and phase B is grounded at 1.54 s and last 0.05 s
fault phase A of the AC side of inverter is grounded through
3 resistance Ry at 0.1 s and last 0.1 s, where R, =450 Q
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Fig. 6 Comparisons of DC voltage simulation results
a Fault 1
b Fault 2
¢ Fault 3

The simulation results of DC voltages, DC currents and AC cur-
rents at the inverter side of TPDP models and the EMT model of
HVDC systems under the three asymmetrical faults are shown in
Figs. 6-8, respectively, where Vyrppp and Iyrppp are the DC
voltage and DC current of the proposed TPDP model of HVDC
systems; Vyqr and I4g are the DC voltage and DC current of the
TPDP model proposed in [6]; Vaemr and Iggmt are the DC
voltage and DC current of the EMT model of HVDC systems.
Lppp and Lyt are the AC currents of Phase A of the AC

ia(t) <ia>1 (t)
(0 | =
io(7) (0

(i) (1) (i)3(0)

()1 (1) (i)
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Fig. 7 Comparison of DC current simulation results
a Fault 1
b Fault 2
¢ Fault 3
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Fig. 8 Comparison of AC current simulation results
a Fault 1
b Fault 2
¢ Fault 3

system at the inverter side of the proposed TPDP model and the
EMT model, respectively.

This study only establishes the TPDP model of HVDC systems
including the converter, the DC line and the controller under asym-
metrical conditions of AC systems, and does not establish the
dynamic phasor model of AC filters, reactive power compensation
devices, and converter transformers. Use three-phase voltages at the
rectifier and inverter side acquired from the EMT model as inputs of
TPDP models to verify the effectiveness of the proposed TDPD
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model. The simulation results shown in Figs. 6 and 7 show that
the proposed TPDP model can trace dynamic characteristics of
HVDC systems well and is better than the TPDP model proposed
in [6]. Since the AC system model has not been established, there
are some errors in the AC current at the inverter side.

5.3 Simulation error analysis

The residual similarity method is used to analyse the error between
the simulation results of the TPDP models and the EMT model. The
formula of residual similarity is shown as

v = ]
l Zﬁl |yi
|y,' _5’i|
=1 — — 21
K max(|y;|, [7]) @l

N
¢ = Z VX
i=1

where y and p are simulation results of the EMT model and TPDP
model, respectively; x is similarity degree, ¢ is residual similarity
index.

The objects of the residual similarity analysis are time domain
values of the DC voltage and the DC current obtained by TPDP
models and the EMT model as only the TPDP model of HVDC
systems is established. The residual similarities between DC vol-
tages and DC currents of the three faults are shown in Tables 2—4
respectively, where @; is the residual similarity between the
TPDP model proposed and the EMT model, @, is the residual simi-
larity between the TPDP model proposed in [6] and the EMT
model.

When the residual similarity is >80%, the simulation model can
meet the requirements of the simulation [15]. The residual similar-
ities between the DC voltage and DC current of the proposed TPDP
model are more than 90%, so the proposed model can meet the
simulation requirements better.

Table 2 Residual similarity of fault 1

Var, %0 Vai» %o Lar, % 1Lgi, %o
D, 95.94 95.81 93.33 96.03
o, 76.60 77.41 75.56 73.24

Table 3 Residual similarity of fault 2

Ve % Vai, % Lg% Lgi, %o
D, 93.95 94.35 90.2 94.99
o, 73.89 72.93 74.39 77.29

Table 4 Residual similarity of fault 3

Var, % Vai» %0 Iar, % 1ai, %
D, 98.84 98.82 99.56 99.29
D, 70.61 71.47 69.37 69.48
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6 Conclusion

To improve the dynamic model of HVDC systems, this study pro-
poses the TPDP model of HVDC systems by correcting the TPDP
model of the converter of HVDC systems used under asymmetrical
conditions of AC systems and building the TPDP model of the DC
line and dynamic phasor model of the controller, and analyses the
simulation process of the proposed TPDP model. The comparisons
among the simulation results of the EMT model and TPDP models
of HVDC systems show that the proposed TPDP model can use a
larger simulation step and dynamic phase model of the converter
which is simpler than the EMT model to reflect dynamic character-
istics of HVDC systems.
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