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Low Frequency Oscillation Analysis in Parallel
AC/DC System by a Novel Dynamic Model

H. R. Najafi, F. Robinson, Member, IEEE, IEE, A. Shoulaie

Abstract-—- A novel approach is presented for efficiently
modeling a power system which includes parallel-connected
HVAC, and HVDC transmission systems. The proposed model
has been derived for a system in which an AC generator is
connected to an infinite bus system through a parallel AC tie
line and a HVDC link In addition to statespace
representation, a block diagram representation has been
formed to analyze system stability. In this new block diagram
representation, the dynamic characteristics of the system are
expressed in terms of a newly developed H comstant. The
development of the block diagram and associated H constants
are explained. The new model is evaluated wusing
PSCAD/RTDS real time digital simulation. Based on this new
model, the low frequency oscillation phenomenon in parallel
AC/DC system is studied and the results are shown.

Index Terms— HVDC transmission control, Power System
Dynawic Stability

I. INTRODUCTION

N recent years, power systems have been required to

operate close to their stability limits for extensive periods.
The stability of a power system may be improved by
incorporating an HVDC power transmission system. The
improvement arises from the HVDC link’s controliable
characteristics which may be used to moderate system
stability and thereby overcome some limitations inherent in
HVAC transmission systems. It is well known that the
transient stability of the AC system in a composite AC-DC
system can be improved by taking advantage of the fast
controllability of HVDC converters [1-6]. There are,
therefore, good reasons for constructing HVDC links in
close proximity to HVAC lines. Construction of DC and
AC lines on a common structure may even be considered as
an option for maximizing right-of-way utilization. This
structure  significantly affects system design and
performance. One sophisticated advantage of such
composite systems is the enhanced damping of the AC
transmission that is possible using power modulation via
the HVDC link [7]-[12]. However, the torsional interaction
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between the HVDC link and the turbine generator is a
recognized problem that must be addressed [13]. Several
studies have been made to identify the cause of interaction
and to devise countermeasures for these sub-synchronous
oscillations [14-15].
To develop insight into system behavior and to facilitate the
design and optimization of the controller, it is of
considerable benefit to have an efficient dynamic model of
the HVAC-HVDC system. There are many publications in
the field of HVDC system modeling which range from
simple linear models to more complex nonlinear models.
These generally offer the most rigorous and accurate HVDC
modeling theory available at the time of publication. The
small-signal analysis of HVDC converter systems has
received significant attention in the literature [16-18]. An
analytical model is presented and utilized for small-signal
analysis of HVDC-HVAC interactions in [16]. The analytic
medeling provides useful insight and makes possible a good
understanding of HVIDC system behavior. A small-signal
analytic frequency domain model of a 6-pulse HVDC
converter based on a piecewise-linear state variable
representation of the converter is presented in [17]. In [18],
a structured subsystem modeling appreach is used for the
formation of small-signal dynamic state medels of FACTS
and HVDC systems. Previous publications have proved that
linearized modeling is an effective approach for HVDC
converter control analysis and design. The HVDC converter
introduces non-linearity and delay into the system, but the
non-linearity of the HVDC system can be linearized over a
wide range of system operation with £5% error [19]. In
most simulation, detailed representation of the HVDC
converter is not necessary. Depending on the objective of a
study, the involved converter sub-system can always be
reduced to some extent with minimal loss of accuracy.
In this paper & novel approach is presented to model
parallel-connected HVAC and HVDC systems. The
proposed model is based on a typical AC/DC system in
which the AC generator is connected to an infinite bus
system through a parallel AC tie line, and an HVDC link.
In addition to the state-space representation, a block
diagram representation is formed to analyze the system
stability characteristics. In this new block diagram
representation, the dynamic characteristics of the system
are expressed in terms of the newly developed so-called A
constants [20-21]. The basis for the block diagram and
expression for the associated constants are developed.

The block diagram approach was first used by Heffron
and Phillips [22] and later by deMello and Concordia [23]
to analyze the smail-signal stability of synchronous
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machines. The new dynamic model has similarities with

DeMelio and Concordia dynamic model for a single

machine connected to a large system through AC

transmission lines. While this model is not suitable for a

detailed study of large systems, it is useful in gaining a

physical insight into the effects of various system dynamics

and in establishing the basis for methods of enhancing

stability through synchronous machine and HVDC

converter controls. By this modeling approach, it is possible

to analyze the small-signal stability of the system and low-

frequency oscillation phenomena with the synchronous

machine represented by models of varying degrees of detail

and the HVDC link in different control modes. The

following assumptions are made in deriving the proposed

model;

- The Shunt filters are neglected because of their high
working frequency,

- A m model is selected for the AC tie line and a T model
for the DC line,

- The inverter AC bus is connected to an infinite bus,

- A third-order dynamic model is used for the synchronous
machine,

- A first-order model is used for the excitation system,

- The effect of the governor and the turbine are neglected
because of their relatively slow response.

H. DESCRIPTION OF THE STUDY SYSTEM

The general system configuration is shown in Figure 1.
A synchronous generator is connected to a large power
system through parallel-connected HVAC and HVDC
transmission lines [24-26]. A static three-phase load and a
capacitor bank are connected to the machine bus.

Vi daig
—

— S

Fig. 1 Single line diagram of the study system

The dynamic behavior of the synchronous generator is
described by Park’s equations [27] where the frame of
reference is synchronized to the rotor. The HVDC line
commutated converters are 12-pulse types with
conventional constant current control at the rectifier and
constant extinction angle control at the inverter. The AC
transmission line is represented by an equivalent m circuit,
and the DC transmission line is represented by an
equivalent T network with a lumped charging capacitance
located at the midpoint of the DC link.

III. SYSTEMEQUATIONS

In developing the linearized system equations, it is
convenient to neglect the harmonics produced by the
switching within the HVDC converters and to choose the
three sets of reference axes as shown in Fig. 2 [21-24]. The
equations of the synchronous machine are written assuming
a rotor reference frame denoted as the g'-d" axis. The
second and third reference axes (the g'~d' axis and g°-d"
axis) are chosen such that their g-axis coincides with the
fundamental voltage phasors of generator and infinite buses
Tespectively.

t
& d

Fig. 2 Relationship between different coordinate axes

A. HVDC Link

The average output voltage and current of the IVDC
converters may be expressed in terms of voltage and current
in the reference frame of the converter bus [24]. The
following equations are obtained through the method set
forth in [24] and [25] for DC quantities.

343 3
Ve =—mTR-Vq,' cosd, —;XWIR N
W3 3
V, = V.’ -=X_r 2
F; m, Cos Yy et (2)
243 23
ip, = I, co 0 Om = I, sin 3
P m, R R tar , g SN Qg (3)
L._ 23 N
Tag =~ I,sing;, iy =-— I, sme; 4)
m, 1,
where,
m, Vg
cosQ, = (5)
A
v,
cosg, = L1 )

ENEN

The rectifier currents iz" and ix" are referred to the g-d'
reference frame, i,/ and i, are the inverter current referred
to the q°-d° reference frame. Also, X, is the commutating
reactance, ag is the delay angle of the rectifier, and y; is the
extinction angle of the inverter.

The DC line model is given by the following equations:
¥,=RI, +ip1,Q +V,

D,

(7
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X
—pl;
b

V,=V.-RI, - (8)
where,

V. = w, X

(Ip =1}) ®
The operator p = d/dt and @; is the base electrical angular
velocity herein, selected as 314 rad/sec.

The AC current of the rectifier converter where referred to
the generator rotor reference frame is given by:

i | 243{cos8 —sin@cosg,
‘:iﬂ’]=m_ﬂ[sm9 cos @ ][sinepR :IIR (10)
where 8 is defined in Fig. 2.
Substituting (8) by deviation, we get:
P o
A;’d, m, m, me

The incremental DC veltage deviation in the rectifier side
can be described by (substituting Eq. 1 by deviation):
AVy =m, AV, — moActy ~myAl (12)

If the system reference is chosen such that the quadrature
axis is aligned with the rectifier AC bus voltage V; as in

Fig. 2, then ¥, =¥, andV}, =0,

By defining, ¥, =V, =, +(;) and¥; =¥,cos8,

the following equations can be derived.

AV, = m AV +my AVS (13)
Al = m AV +m AV (14)
From Eq. 5 and Eq. 12, we can conclude:

AQy =m AV +m AV +mAdg +m; Al (15)

The quantities m, (=1, ...,17) are described in Appendix.
Finally, the incremental DC current deviations using a rotor
reference frame are obtained as follows:

7 D, D,||av;| |T A
A’qﬁr . 1+ A, + Az, 16)
Afy D, D, | AV T, Z,
The quantities D; (=1, ...,4), T;and Z; (j=d,q) are described
in Appendix.

B. Synchronous generator and AC Transmission Line

The Park d-g axis model of the synchronous machine is
well established [27]. For this model, the number of rotor
circuits represented may be varied according to the required
degree of compatibility with the actual machine and the
time scale of system phenomena. In all these variant
models, the stator-winding transients are neglected such
that the stator voltage equations are only algebraic. These
equations are well known and not included. The excitation
system equation is derived directly from Fig. 3. This figure
shows a simple exciter model that can also be regarded as a
reduced mode! of a fast static exciter with no transient gain
reduction as used in [21].

Efimax
—

K

+ L ax

Efnin

Fig. 3 Simple exciter model

For some simplicity, the following quantities are defined:

1 1 1

Z=R +jX., Y=—+ j(—+ ,
+ X R Fi¢ X, X,,)

Co+jC,=1+2F, I=I,+],

By using the above quantities, the following equation can
be derived for rectifier AC bus:

A=(+ZYW -V, +Z{I, +jI,) 17
If the resistance of stator winding is assumed zero, we can
write the following matrix equation for stator winding
current and voltage:

e
=|"|AE! -| _, @
AV, | 1) 7 X 0 JlAL,

After some calculations and using the above equations, we
get [20]:

AL [, F, T, z;
= AE’ + AS + A AS
AI'I [Yq] ! I:F‘J' T; aR ¥ Z; F (19)

The expressions for Y,.Y .F, F, T, 7, Z,andZ are

(18)

given in the Appendix.

Iv. BLOCK DIAGRAM REPRESENTATION

The small-signal dynamics of the parallel HVAC and
HVDC systems are represented by the block diagram in Fig.
4, In this representation, the dynamic characteristics of the
system are expressed in term of the so-called A constants
[21, 22]. The block diagram and the equations for the
associated constants are developed here. It should be noted
that AU_, and AU, ,are supplementary control signals.

A. Electrical Torque Equation (H~Hg

Electrical torque of a synchronous machine at nearby
synchronous speed is approximated by:

T,=P =1V, +1}V, (20)
By substituting Eq.20 by deviation, and using Eq.18, the
change in electrical torque may be expressed as a function
of A8 ,AE, , Ao, and Al as follows:

AT, =H A8 +H AE_ + H Aoz +H Al 2
The expression for H,~ H, are given by Eq.22.

H, 0 F, F,

N e A
H, 0 T, Tl Ep+(X,—X)y,

H, 0

Z; Z

G ™
& -
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+ wyx, | AV
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Ms+ D ] -
1
A L_T+Rg
¥
H; I_IH AT, 1 + -
T Hs5+1 g Rl | Ls+Hy P
-
His AUsup‘z
+ = Rectifier Aa
o Converter Controller v

Fig. 4 The block diagram representation of parallel HVAC/HVDC system.,

B. Rectifier AC Bus Voltage Equation (Hg-H 15)

Linear equation of exciting winding voltage, by attention to
the generator dynamic third-order mode! is:

, H
: :mﬁs—[zmﬂ —HAS~H, Aoy —HoAL| (23)
The expression for H3~Hg are given by:
| H, F,
=——— |H |=(X,- X)) T, 24)
’ 1+(X, X )Y, H: ¢ ! zz

C. Excitation Voltage Equation (Hs ~ Hs )

Now, by using Eq.18 and Eq.19, we may express the
change in generator terminal AC voltage as a function
of A8 ,AE,, Ae, and Al as follows:

AV, =H A8+ H,AE, + H ,Acty, + H,Al, 25)
The expression for Hy ~ Hy; are given by Eq.26.
o, 0 Fy F, x Vo
Hy Voo 'V ¥, ¥, v
= +| ... + © (26)
Hu 0 Td Tq X ﬁ
H, 0 Zy Il e

D. Rectifier DC Current Equation (H 3 ~ H g

By substituting Eq.4 into Eq.7, and after some calculation
and deviation we get:
1

m[H14A8+H15AE; +H|6ACXR —AVE] (27)

R =

The expression for H13 ~ Hj; are given by Eq.28 and
Eq.29.

H,=R+ iXm - 3K, H , cos 0ty (28)
T
Hy, 0 H,
H.|= 0 +3K cosag| H, (29)
Hy — 3KV, sin g, H,

V. VALIDATION AND APPLICATION

The accuracy of the proposed model was investigated by
comparing the disturbance response with that obtained from
PSCAD/RTDS Real Time Digital Simulation [21].

Fig. 5 and Fig. 6 show the comparison of the generator
rotor angle swing response and generator speed swing
response to a 1% increase in generator mechanical torque,
respectively. The proposed model outputs are illustrated in
Fig. 7 and Fig. 8.

The agrecement between the proposed model and
PSCAD/RTDS response is good and confirms that the
proposed model and its block diagram representation can be
used in small signal analysis, controlter and power system
stabilizer design.
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Fig. 5 Generator rofor angle swing afier a step change in input torque
{(—) proposed model, (——) RTDS

)
-]
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1.5 J-"’ M i ‘-. PR PRI A R
¢ 08 1. 45. 2 26 3 35 4 45 5
R .. Time(sec)
Fig, 6 Generator speed swing after a step change in input torque
{ ) proposed model, ( YRTDS
=
B
|
P
o
2
3
E
1
E)
S
=
0.995 . L . N

25 3 35 4 45 -1

Time (sec)

Fig. 7 Proposed model outputs (AC quantities) after a step change
in input torque

- Il L k1
25 -3 38 .4 as §°

1.001 + T T T T T T

Tge (pu)

@ (deg)
%)

05 1 16 2 25 3 86 4 4% &
Q 0.5 1 1.5 2 25 3 35 4 4.5 ]
Titne (sec)

Ve (pu)

Fig. 8 Proposed model outputs (DC quantitics} after a step change in
input torque

To illustrate this, finally by adding power modulation
signal to the rectifier controller of the HVDC link (AU, ).

-simulation is repeated. Fig. 9 compares the generator speed
swing with and without using HVDC system power
modulation. The results show a great improvement in the
dynamic response of system.

0.2 —_——————
618} '
016}
014}

0az2p

Ab (rad)

008
006
oaaf

LiR2] J

o o5 1 15 2 28 3 A 4 456 b
- Time (sec)

Fig. 9 Generator rotor angle swing after a step change in input torque
=) without and ( } with supplementary conirol signal (AUge)

VI. CONCLUSION

A new block diagram representation has been developed
for small-signal analysis of a parallel HVAC/HVDC
system. In this block diagram representation, the dynamic
characteristics of the system are expressed in terms of the
newly developed so-called H constants. Application of the
proposed model in power oscillation analysis and
comparison of the results with time domain simulation has
shown that this technique is sufficiently accurate and of
benefit for the small-signal analysis of parallel connected
HVAC and HVDC systems.
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VII. APPENDIX
[ 1]_ 2437, [ -2 sin 8, cos(p, —45°)
g cos(8, +Pp) i

[ma ] _ Z'J?:I)m I:sj'n(¢u - 90 )]

m, |cos(ip, +8,)

X 3

2

3

4

my | _ 243 [cos(@, +6,) o 33 cosar
mg | m, |sin(g, +8,) "’ . R02
. 3 Ve
my =V, SiL 0, m9=;Xco’ L =T}&,
10
54 V5-cos6, ~ ¥, 70-C08 8,
my=——,Mm;= 7 y My =——— s
Ve Vy-siné, V.8ind,
_ Vio(cos @gy — €050 ) sin g,
14— 7 - s Mg =~"""
Vyo-sm@p, SIN Py
V10(C08 @y — €08 Oz, ) X,
15 = 7 > My =—F=—"—"""")
Vg SIN Prq ‘\EVm S10 Pro
(D, D cos(8, + @)
Dl D2j|=|: . ; 0 [mlz +my, my +m15],
[~ —sin(8, + @g, )
[7,] 2431, sinerg, [ coS(8, + Po) ]
Tq_ COS Pry —Sin(8, + @) |

de _ I:Sm(go +¢Ru):| +...2‘\[§HRIROXW l: €088, + Pro) ]
c08(6, +@ao) | V3V, sin g, [~ SIN(B, +Ppo) |’

zZ
¥, _1[R X | Su || Fa Ve|-R &, cos &,
_23 Xy R[S [(F, _Zez X, R | sné, |
X

]z x, K[

Z; _ 1 R X RZ,-XZ,

_Z; Z2|-X, R, ||XZ,+RZ,

Sy =RD,-X.D,-C,, S, =RD, - X.D; +C,
S,=XD,+RD,+C ,85,=XD -RD,+C,
R,=R,—-X4S2,_R2=R,+X;S“, X =X +XS5,
X, =X:+X3521=Z¢1=R,2+Xr2 +Xa‘X:t(S12S21_S]1Szz)
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