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Abstract-This paper deals with the improvement of
multi-machine power system stability, utilizing the
rapid power controllability of HVDC. Here, the
current controller and line dynamics of the HVDC
system are considered in the stability analysis.
Initially, a study has been conducted to determine the
control signal required for the HVDC power
modulation in order to improve the power system
stability. A fuzzy logic controller is then proposed,
which utilizes a set of control rules to vary the gains
of the conventional controller to further strengthen
the system stability.

Keywords — HVDC, Power System Stability, Multi —
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I. INTRODUCTION

HVDC systems have the ability to rapidly control the
transmitted power. Therefore, they have a significant
impact on the stability of the associated AC power
systems. More importantly, proper design of the
HVDC controls is essential to ensure satisfactory
performance of overall AC/DC system [1].

In recent years, the HVDC systems model used are
simpler models; such models are adequate for general
purpose stability studies of systems in which the DC
link is connected to stronger parts of the AC system.
But the preference is to have a flexible modeling
capability with a required range of detail [2].
Supplementary controls are often required to exploit
the controllability of a DC links for enhancing the
AC system dynamic performance. There are a variety
of such higher level controls used in practice. Their
performance objectives vary depending on the
characteristics of the associated AC systems. The

following are the major reasons for using
supplementary control of DC links:
e Improvement of damping of AC system

electromechanical oscillations.
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e Improvement of transient stability.

e [solation of system disturbance.

e Frequency control of small isolated systems.

e Reactive power regulation and dynamic

voltage support.
The controls used tend to be unique to each system.
To date, no attempt has been made to develop
generalized control schemes applicable to all
systems.

The supplementary controls use signals derived from
the AC systems to modulate the DC quantities. The
modulating  signals can be frequency, voltage
magnitude and angle, and line flows. The particular
choice depends on the system characteristics and the
desired results.

Apart from conventional controllers, a fuzzy logic
based variable gain controller is also developed to
modulate the power order of the DC control, which
in turn modulates the DC power.

IT AC/DC Stability Analysis

In transient stability studies, it is prerequisite to do
AC/DC load flow calculations in order to obtain
system conditions prior to the disturbance. The
elimmated variable method proposed mn [3] is used
here, which treats the real and reactive powers
consumed by the converters as voltage dependent
loads. The DC equations are solved analytically or
numerically and the DC variables are eliminated
from the power flow equations. The method is
unified, since the effect of the DC-link is included in
the Jacobian. It is, however, not an extended variable
method, since no DC variables are added to the
solution vector.
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DC System Model

The equations describing the steady state behavior of
a monopolar DC link can be summarized as follows.

Var :iar\/tr cos a, _chId (21)
VA v
Vi = &ai\/ﬁ cos y; — i X1y (22)
Var =Vai *7ala (2.3)
Py =Vy1y 2.4)
Fai = Vaila (2.5)
Syr = kiar{/trld (2.6)
T
Sai = k&“ivﬁld 2.7)
Our =S -7 2.8)
Cur =S5 - 7 2.9)

The Eliminated Variable Method

The real and reactive powers consumed by the
converters are written as functions of Vi and Vi.
The expressions for therr partial derivatives with
respect to Vi, and Vy are computed and used in
modification of jacobian elements of the Newton
Raphson power flow as shown

AP [H | NT[as .10
AQ| |J | L|Aviv '
ac oP (V. V.
Ni(irir) = v, Oy HalVeVe) 2.11)
a‘/tr a‘/tr
w 0P, (V,V,
(o) = v, Oy V) @)
o, o,
W) = v, By Lallnti) (2.13)
v, o,
ac a .
W) = v, Oy, Pl Vi) (2.14)
ov, ov,

L' is modified analogously. Thus, in the eliminated
variable method, four mismatch equations and up to
eight elements of the Jacobian have to be modified,

but no new variables are added to the solution vector,
when a DC-Iink is included in the power flow.

Representation of HVDC Systems

Each DC system tends to have unique characteristics
tailored to meet the specific needs of its application.
Therefore, standard models of fixed structures have
not been developed for representation of DC systems
in stability studies.

The current controller employed here (fig.1) is a

proportional integral controller and the auxiliary
controller is taken to be a constant gain controller.
Extenal

signal —'*l

)
T

Ip
Fig 1 Current controller and auxiliary controller
HVDC line is represented using transfer function
model [4] as shown in the figure 2.

1
1+ST,:]L.

Leer —» — I

Fig.2 Transfer function model.

Generator representation
The synchronous machine is represented by a voltage

source, in back of a transient reactance, that is
constant in magnitude but changes in angular
position.
il—5=a)—27r f
d2t5 ] (2.15)

2 z_a):ﬂ(P =P
dt dd H

Representation of loads
The static admittance Y,, used to represent the load
at bus P, can be obtained from

I, P -jO
YPU = EL Where’ Vi o = ZPE—*']IP

p p

Steps of the AC-DC Transient Stability Study

The basic structure of transient stability program is
given below [5]:
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1) The mitial bus voltages are obtained from the

AC/DC load flow solution prior to the
disturbance.
2) After the AC/DC load flow solution is

obtained, the machine currents and voltages
behind transient reactance are calculated.

3) The iitial speeds and the initial mechanical
powers are obtained for each machine prior to
the disturbance.

4) The network data is modified for the new
representation. Extra nodes are added to
represent the generator internal voltages.
Admittance matrix is modified to incorporate
the load representation.

5) Settime, t=0;

6) If there is any switching operation or change
in fault condition, modify network data
accordingly and run the AC/DC load flow.

7) Using Runge-Kutta method, solve the
machine differential equations to find the
changes in the internal voltage angle and
machine speeds.

8) Internal voltage angles and machine speeds
are updated and are stored for plotting.

9) AC/DC load flow is run to get the new output
powers of the machine.

10) Advance time, t=t+At.

11) Check for time limit, if t < tmax repeat the
process from step 6, else plot the graphs of
internal voltage angle variations and stop the
process.

Basing on the plots, that we get from the above
procedure it can be decided whether the system is
stable or unstable. In case of multi machine system
stability analysis the plot of relative angles is done to
evaluate the stability of the power system.

IIT Conventional controller

The WSCC — 9 Bus system [6] is considered for the
stability analysis and is given in the figure 3.

‘1__

@ Gen

Fig 3 WSCC nine bus system

A HVDC line is assumed to be present between lines
4 — 5. A fault is assumed to occur on the line 4 — 6,
near to bus 6, at initial time zero. It is cleared after 4
cycles, by removing the line and to reflect this
removal the admittance matrix is modified. Initially,
HVDC Iline is assumed to maintain same control as it
had in the normal condition. The power flowing
through the HVDC link is maintained constant and
equal to prefault value. Then the plot of relative
angles is as shown in figure 4.

X 104

del(deg)

deIZS\

r r r r r
0 5 10 15 20 25 30
time(sec)

Fig .4 Plot of relative angles without any control.

From the figure it is clear that the system is unstable
as the relative angles are increasing. It can be
examined that the generator 1 is going out of step
with respect to the generators 2 and 3. To stabilize
the system it is necessary to make the accelerations
of all the generators equal. So an error signal
representing average difference in accelerations of
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the generators is considered. Incase of multi machine
systems the relative angles are to be maintained
within limits to maintain the stability of the system.
So, error signals derived from the average difference
in the relative angles and average difference in the
relative speeds of the generators are considered.
These error signals are as shown below.

error, = {(w@)_w(l))+(w(3)_w(l)):|_[0)(2)_60(3)]:I

| 2

] (2.16)
o _L(del(Z)del(l));r(del(3)del(1))H_[del(2)_del(3)]

2.17)
P_mis(3) P_mis(Z)
| H() H(2) | [P_mis(1)
error, = 5 - H(l)
(2.18)

Different combinations of the above three signals are
considered, in order to improve the stability. Gains of
the signals are varied in order to get better transient
and dynamic performance. When error; signal is
considered for improving the stability of the system
as suggested in [2], the plot of relative angles is
shown i figure 5. This reveals that the considered
signal is inadequate to improve the stability of the
system.

200 T T T T T

-200

-400

del(deg)

-600

-800

-1000

_1 200 r r r r r
0 5 10 15 20 25 30

time(sec)

Fig.5 Plot of relative angles with error; as control signal

Considering the different combinations of the signals,
in varied proportions, as the control input, the plot of
relative angles is as shown in figure 6.

60
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-20

-40

-60

-80
0
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time(sec)

Fig.6.a Plot of relative with  control

K, *error;+Kj*error,.

angles signal

del(deg)

time(sec)

Fig.6b Plot of
K, *error;+Kq*errors.

relative angles with control signal
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del(deg)
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0
time(sec)

Fig. 6. Plot of relative with  control

K *error,+Ky*errors.

angles signal

In the above cases it can be seen that either the
system is unstable or there is no considerable
improvement in the stability of the system. When all
the three signals are considered, the plot of the
relative angles is as shown in figure 7. It can be seen
that the stability of the system is improved and by the
end of the study time the action of AGC will come
into picture which will further improve the system
stability.

100 T T T T T

k1=0.0006 K2=0.003
80~ Kp=-2.5 Ki=-0.02 Kd=-0.2 []

60 .
del13
40+ ,

del(deg)
S

del23 del12

_40 r r r r r
0 5 10 15 20 25 30

time(sec)

Fig .7 Plot of relative angles with control signal K,:error;+
K;*error,+K4*errors.

Control signal,
error = K, *error;+ Kj*error, + Kg*error;

So, for this formulation of the system and for this
disturbance scenario it is essential to use all the three
signals, to have a considerable improvement in the
stability of the system.

Here the signal error, is the equivalent to the integral
of the signal error;, and the signal errors is equivalent
to the differential of the signal error;. Hence, the
controller proposed above is equivalent to a PID
controller. Then the control signal can be
equivalently represented as in equation 2.19.

error= K, e()+K; Ie(t)+Ky De(t) (2.19)
Considering this, the methodology used in variable
gain PID controller scheme can be applied to the
above controller, to improve its performance.

IV Fuzzy logic controller

One approach to enhance the performance of the
conventional controller of (2.19) is to vary its gains
K,, Ki and K4 as a function of |e(k)|, [le(k)| and
[De(k)[,  respectively.  Thus  if |e(k) is
large/medium/small  then change Kp by a
large/mediunm/small amount in order to reduce e(t) to
zero as fast as possible. This rule is also applicable to
[le(k)) and |De(k)] by changing K; and Kg ,
respectively[7].

Therefore, in fuzzy logic terminology, it is possible
to associate three linguistic labels, viz., large,
medium and small, to each of the variables [e(k)|,
[le(k)| and [De(k)|.

Control rules

Based on above rules and the fact that the controller
output of (2.19) has three terms, there are altogether
27 linguistic control rules, which can modify the
conventional controller gains to get a better
performance. These rules are summarized in table 1.

Tablel: Rule Base

Rule No: (labels of universes; weighted outcome)
i (fe], [Te], [Def; wuy) fori=1to27

© 2021, IJSREM | www.ijsrem.com

Page 5


http://www.ijsrem.com/

p2f iy

%gkzﬁ International Journal of Scientific Research in Engineering and Management (IJSREM)

vaume: 05 Issue: 02 | Feb - 2021

ISSN: 2582-3930

1: (S5, S, S; wuy), 2: (S, S, M; wup), 3:(S, S, L; wus)
4:(S, M, S; ww), 5: (S, M, M; wus), 6: (S, M, L; wus)
7:(S, L, S; wuy), 8: (S, L, M; wug), 9: (S, L, L; wuyg)

10: (M, S, S; wuio),
13: (M, M, S; wuyz),
16: (M, L, S; wuys),
19:(L, S, S; wuio),
22: (L, M, S; wuzz),
25:(L, L, S; wuas),

11: (M, S, M; wuy1),
14: (M, M, M; wui4),
17: (M, L, M; wuy7),
20: (L, S, M; wuo),
23: (L, M, M; wuz3),
26: (L, L, M; wue),

12: (M, S, L; wuy»)
15:(M, M, L; wuis)
18: (M, L, L; wuig)
21: (L, S, L; wuap)
24: (L, M, L; wups)
27: (L, L, L; wuy)

The rules in the table 1 are to be used in the
following manner

If |e(k)| is small and [le(k)| is small and |De(k)| is
small then

Wi, (k) = K, 1, ([e (k)] )e (k) + K, |l (k)| ) e (k) + K , 4, (| De ()] ) De (k)
Similarly, rule 22 is read as

If |e(k)| is large and [le(k)| is medium and |[De(k)| is
small then
Wuzz(k):prL(‘e(k)‘)e(k)JrK,,um(‘Ie(k)‘)le(k)JrKdM(‘De(k)‘)De(k)

In the above rules, u1(|7), um(z) and u (7)) are
membership functions when |7 is large, medium and
small, respectively, and z is either e(k), Ie(k) or
De(k). Figure 8 shows the type of membership
functions used in this formulation. Briefly, a
membership function xpp(x) is used to indicate to

what degree, in a scale ranging from O to 1, the
variable x satisfies the linguistic label LL.

camAa “

medium laree

1

X

Figure.8: Membership function

Variable gain Fuzzy logic controller

For a given set of |e(k)|, |le(k)| and [De(k)| all the 27
rules shown in Table 1 wil be active. Furthermore,
there is a degree of fulfillment 4, also known as the
truth value, of each rule for i=l to 27. This degree of
fulfillment is determined by applying the AND

operation to the condition part of the rule. Thus, for

Rule 1, it is given by
)oa ([Pe())]

py=min| g, (e (k) 2 (fe (k)

For Rule 22, its degree of fulfillment is

Ly = min[,uL (‘e(k) ),,um (‘Ie(k) ),,us ( De(k)‘)]
Therefore, for a given set of |e(k)|, [le(k)| and |De(k)|,
there are 27 weighted outcomes wuj(k) and each
outcome has u; as its degree of fulfillment for =1 to

27. One commonly used method to determine the net
outcome Ur(k) is based on the weighted average
approach. Here, this approach is adopted and thus

27
ZWui
— =l

U, (k)= Z/I , (2.21)
Where, Z ,u:i U, (2.22)

Applying, the above formulation to the conventional
controller scheme proposed in the previous section,
the plot of the relative angles is shown in figure 9.
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T T
K1=0.0006,K2=0.003,
Kp=0.6, Ki=0.08, Kd=0.05

80~

60 -
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g del23
@
S 20h
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"‘ \Mﬁ '
0 |-
f
24
-20
del12 del13
_40 r r r r r
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time(sec)

Fig. 8 Plot of relative angles of generators with fuzzy controller

V Conclusions

Considering the HVDC current controller and line
dynamics, it is observed that the transient stability of
the multimachine system is improved only if the
combination of all the three signals derived from
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relative speed, phase angle and average acceleration
is used.

Fuzzy Logic Based variable gain controller has been
implemented  successfuly for HVDC  power
modulation to augment the transient stability. The
fuzzy logic controller gives better performance than
the conventional controller as expected.
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