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Abstract.
In this study, non-sinusoidal quantities and voltage stability, both
known as power quality criteria, are examined together in detail. The widespread
use of power electronics elements cause the existence of significant non-sinusoidal
quantities in the system. These non-sinusoidal quantities can create serious harmonic distortions in transmission and distribution systems. In this paper, harmonic
generation of a static VAR compensator with thyristor-controlled reactor and effects
of the harmonics on steady-state voltage stability are examined for various operational conditions.
Keywords.

Harmonics; stability; thyristor-controlled reactor.

1. Introduction
It is not only required to meet the demand for electrical energy but also to improve its quality.
Today, power quality studies are becoming a growing concern. The present paper focuses on
two parameters affecting power quality – harmonics and voltage stability.
Static VAR compensators (SVCs) are applied on transmission systems to improve voltage
control and system stability during both normal and contingency system conditions. Most
SVCs use a thyristor-controlled reactor configuration to provide continuous control of the
reactive power compensation level. The thyristor-controlled reactor (TCR) produces harmonic
currents because thyristors only allow conduction in the reactor for a portion of the cycle.
Harmonic current magnitudes vary as the firing angle of the thyristors is varied. A comprehensive harmonic study includes evaluation of possible harmonic concerns over the full range of
firing angles and possible system conditions. Generally, harmonic filtering is accomplished
with capacitors connected in parallel with the TCRs. For transmission applications, the filters
might include tuned filters at the fifth and seventh harmonics along with a high pass filter for
higher order components.
Use of a static compensator with a thyristor-controlled reactor (TCR) has been known to
be an effective and reliable means to ensure power system voltage stability. This device is
essentially a variable reactor that can adjust its reactive power consumption. The adjustment
is realised through the firing angles of thyristors that normally operate in partial conducting
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states, and thereby produce harmonics (Miller 1982). The generated harmonics depend critically on the control characteristics of a static VAR compensator (SVC) with a fixed-capacitor
thyristor-controlled reactor (FC-TCR). However, this makes the firing angles dependent on
the network load flow conditions and harmonic voltage distributions (Xu et al 1991). Poor
selection of firing angles can lead to increase in the amount of effective harmonic production
of the TCR. From the operation point of view of the system, we need to model the harmonics
accurately (Uzunoglu et al 1999).
In the literature, work on stability analyses has mostly been done on transients. In this study,
however, steady-state stability analysis of a system including the harmonics of FC-TCR has
been carried out employing a new algorithm. This paper aims to determine the effects of
non-sinusoidal quantities on voltage stability, due to a FC-TCR, by means of a synthesis of
harmonic power flow analysis and voltage stability analysis based on the Newton–Raphson
method.

2. Thyristor-controlled reactor as harmonic source
Thyristor-controlled reactors, which have the ability to ensure continuous and fast reactive
power and voltage control, can increase the performance of the system in different ways such
as control of transient over-voltages at the power frequency, prevent ion of voltage collapse,
increase in transient stability and decrease in system oscillations. Static VAR compensators
consisting of thyristor-controlled reactors are used for balancing the three-phase systems.
The basic static VAR system (SVS) consists of a static switch in series with an inductor.
This is normally called a phase-controlled reactor or thyristor-controlled reactor (TCR). This
basic TCR is illustrated in figure 1a. The thyristor-controlled reactor consists of a reactor
in series with two parallel inverse thyristors. The two inverse parallel thyristors are gated
symmetrically. They control the time for which the reactor conducts and thus control the
fundamental component of the current. The thyristors conduct on alternate half-cycles of the

(a)

(b)

Figure 1. (a) Main elements of a TCR. (b) Voltage and current waveforms in a TCR.
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supply frequency depending on the firing angle α or conduction angle σ , which is measured
from a zero crossing of voltage. The relation between firing angle and conduction angle as
follows:
σ = 2(π − α)

(1)

Full conduction is obtained with a firing angle of 90◦ . Under this condition, the current is
reactive and its waveform is purely sinusoidal. There is a partial conduction between 90◦
and 180◦ as shown in figure 1b (Miller 1982). The firing angle is not allowed to have values
between 0◦ and 90◦ , causing asymmetrical currents including DC components. When the
firing angle α increases from 90◦ to 180◦ , the waveform of the current goes away from the
original sinusoidal form. For the condition of balanced loading, TCR produces odd harmonics.
In a three-phase system where the TCR’s are -connected there are no triplet harmonics
injected into the power system (Lasseter & Lee 1982). However, TCR circuits should not
be operated at points near resonance as they would generate conditions causing effective
harmonic production (Bohmann & Lasseter 1986).
3. Stability and harmonics
It is necessary to pay attention to energy system stability in the planning, management, and
control of electrical power systems for more reliable and “quality” energy (Anderson &
Fouad 1994). Stability in an energy system is defined as the ability of returning to the earlier
operating condition after a distortion effect (Begovic & Phadke 1992). In voltage stability, the
amplitude values of the load bus voltages of the system should be kept between determined
limit values in both steady-state and transient conditions.
Continuous decrease in the source voltage due to increase in load demand or change in
system conditions, causes voltage instability in a system . The main reason for instability is
insufficient reactive power not corresponding to the demand. In order to prevent this deficiency,
static VAR compensator including TCR should be used (Indulkar et al 1989). Owing to the use
of power electronics for static VAR compensation, the power system suffers from instability
under some operating conditions (Uzunoglu et al 2000). Due to the nonlinear characteristics
of TCR, a new algorithm based on harmonic power flow should be developed to perform
steady-state voltage stability analysis.
4. Harmonic power flow algorithm
Network voltages and currents can be expressed by Fourier series for the harmonic power
flow analysis, which was developed by Xia & Heydt (1982). Voltages and nonlinear element
parameters form the bus variable vector (), given in

T
[X] = [V̇ (1) ], [V̇ (5) ], . . . , [V̇ (L) ], [φ] .
(2)
In this equation, L is the maximum harmonic order. The mismatch of real and reactive powers
for the linear buses (while k ∈ {2, . . . , (m − 1)}) is defined as,

(1)
Pk = (Pk )SP + Fr,k
,
(3)
(1)
Qk = (Qk )SP + Fi,k
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where m is the first nonlinear load number and the first bus is the slack bus in this number.
(1)
(1)
and Fi,k
are
(Pk )SP and (Qk )SP are real and reactive powers at bus k respectively, and Fr,k
the line fundamental real and reactive powers. The mismatch of real and reactive powers can
be calculated for nonlinear buses as,

L

(h) 

Pknonlin = (Pk )SP +
Fr,k

h=1
,
(4)
L
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(h)
(h)
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where k ∈ {m, m + 1, . . . , n} and n is total number of the buses in the system. Fr,k
can be calculated from (for h = 1, 5, 7, . . . , L),
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Fi,k
= Vk(h)
Yj k · Vj(h) . · sin δk(h) − θkj(h) − δj(h) 

j =1

The harmonic phasor voltage the for k th bus is V̇k(h) = Vk(h) ∠δk(h) and element (k, j ) of the
bus admittance matrix calculated for the hth harmonic frequency is shown in phasor notation
as Ẏkj(h) = Ykj(h) ∠θkj(h) . Here, the mismatch vector for the harmonic power flow is defined as
(Grady 1983),

T
[M] = [W ], [I (5) ], [I (7) ], . . . , [I (L) ], [I (1) ] ,
(6)
where W is the mismatch power vector and I (h) is the mismatch current vector for the hth
harmonic. The mismatch power is given by

[W ] = P2 , Q2 , . . . , Pm−1 , Pmnonlin ,

.
(7)
, . . . , Pnnonlin , Qnonlin
Qnonlin
n
m
The mismatch current vector for the fundamental component (h = 1) and the harmonic
component (h = 5, 7, . . . , L), which are the elements of the mismatch vector is given
respectively by
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(8)

(h)
(h)
and Ii,k
are to be zero for the harmonic components at linear buses
In these equations, Ir,k
(k = 1, 2, . . . , m − 1).
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The Newton–Raphson method is implemented to obtain the correction vector by using
the Jakobian matrix. When the mismatch goes to zero for every term of mismatch vector, a
solution can be obtained (Arrillaga et al 1983). Thus, by using the Newton–Raphson method,
we can get the solution with the desired tolerance (in this study, the tolerance for the mismatch
is taken as 0·0001 per unit. The correction vector is given as
[X] = [J]−1 .[M]

(9)

The harmonic power flow analysis algorithm is given in appendix A (Masoum 1991).

5. Analysis method
The values obtained from linear power flow analysis are used in steady-state voltage
stability analysis performed with conventional methods. It is required to develop a new
algorithm to analyse steady-state voltage stability in case the system has a nonlinear
element. Synthesis of the harmonic power flow algorithm and the voltage stability algorithm is done, and a new algorithm is developed to realize this analysis (Uzunoglu et al
2002). When the Jakobian of a Newton–Raphson power flow becomes singular, the steadystate voltage stability limit (critical point) of the system can be determined easily and
rapidly.
By using data obtained from harmonic power flow, the critical values are calculated for
fundamental and harmonic components separately. According to this method, critical transmission angle, δcritical , critical load voltage, Vcritical , and critical load power, Pcritical , are given
by (Indulkar 1989)
(h)
δcritical
= 1/2 tan−1 (K1 /K2 ),

(10)

where,
K1 = a1(h) b2(h) − b1(h) tan ϕ (h) + a2(h) b1(h) + b2(h) tan ϕ (h) ,

(11)

K2 = a1(h) b1(h) + b2(h) tan ϕ (h) + a2(h) −b2(h) + b1(h) tan ϕ (h) ,

(12)

(h)
Vcritical
= Vs(h) /2 · K4 ,

(13)

and
(h)
Pcritical

=
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2

+
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,

(14)
where,
(h)
(h)
K3 = b1(h) cos δcritical
+ b2(h) sin δcritical
,

(15)

(h)
(h)
K4 = a1(h) cos δcritical
+ a2(h) sin δcritical
,

(16)
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where h = 1, 5, 7, . . . , L. TCR is modelled suitably for the algorithm developed for the
analysis. TCR’s current for harmonic components is defined as (Bohmann & Lasseter 1989)


Ir(h) = 2 · Vr(h) / h.Xr(1) cos δr(h) − cos {h · ((π − σ )/2)}


+j · sin δr(h) − sin {h · ((π − σ )/2)} ,
(17)
where Vr is reactor terminal voltage, δr is its angle, σ is thyristor conduction angle, Xr is the
reactance of the reactor, and h is the harmonic order. Also, reactor admitance depending on
thyristor conduction angle can be defined as follows (Bohmann & Lasseter 1986),


Yr(h) (σ ) = −j {σ − [sin(hσ )]/ h} / hXr(h) π .
(18)
Equivalent suseptance is calculated by using the capacitor reactance of FC-TCR as,


B (h) (σ ) = Yr(h) (σ ) − 1/Xc(h) .

(19)

In this study, the steady-state voltage stability analysis for power system including FC-TCR
was done by the following solution algorithm:
Step 1: The harmonic power flow analysis for the available operation conditions of an example
system is done to compute load angle, voltage and power of all buses.
Step 2: Power at all buses except the slack bus and the bus considered for voltage stability are
transformed into shunt admittance by using bus voltages obtained from the harmonic
load flow for fundamental and harmonic components with the following equations
individually,
R = (V 2 /P ), X = (V 2 /Q) ⇒ Y = (1/R) + (1/j X).

(20)

Step 3: These shunt admittances are added to the bus admittance matrix by taking their
directions into consideration (these operations are not performed for the slack bus
and the bus considered for voltage stability).
Step 4: After obtaining the new bus admittance matrix, the matrix is reordered. In this case,
the elements of the bus considered for voltage stability are in the first row and
first column, and the elements of the slack bus are in the second row and second
column.
Step 5: The elements at the other buses are reduced to the slack bus and the considered bus
by the matrix algebra method. The final reduced matrix (2 × 2) is obtained by making
new orders at the bus admittance matrix as,


K L
Ybus =
(21)
⇒ Ybus (2 × 2) = K − L.M−1 .LT .
LT M
Step 6: Critical values are calculated for the final 2-bus system using the Jakobian matrix
obtained from singular harmonic power flow (det[J] = 0). Thus, critical values of
the bus examined for the voltage stability are calculated by considering the harmonic
components when the FC-TCR is connected to the power system. We also examine how FC-TCR affects the power system voltage stability and the reactive power
values.
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Figure 2. Single line diagram of example system including FC-TCR.

6. Numerical application
In this study, the effect of the harmonics on voltage stability has been analysed for a 4-bus
power system including FC-TCR (figure 2). Conventional and new voltage stability analyses
(depending on harmonic power flow) have been used to perform the study, and the results
have been compared.
The per-unit (p.u.) values of lines in the example system have been obtained for 66 kV and
10 MVA base values. The characteristic values of the line and the load data of the systems
are given in tables 1 and 2 respectively. All transmission lines are modelled using the same
model, the lumped parameters π model, and bus-1 as the slack bus in the example system.
The static compensator with FC-TCR is connected to bus-4. There are no filters at all.
The values in the application have been taken as per-unit; Hence, the reactance of TCR
Xr = 0·55 p.u., capacitor reactance Xc = 2·2 p.u. and fundamental frequency f = 50 Hz.
Analyses have been done and compared using the related algorithms developed based on both
linear and harmonic power flows (figures 3–8).
Results of the analyses in which harmonic components are neglected (sinusoidal condition), are denoted by a “+” symbol, while the analyses in which harmonic components are
considered (non-sinusoidal condition) are denoted by the “•” in figures 4–8. When conduction angle, σ , is between 0◦ and 180◦ , the ratio of harmonic current components (5, 7, 11,
13) / fundamental current component (HDI4 ) has been shown (as percentage) in figure 3 for
TCR at bus-4. For both conditions, the variation of reactive power for all conduction angles
is shown in figure 4.
From the point of steady-state voltage stability, the conduction angles of TCR are 70◦ , 105◦
and 160◦ and the variations of critical voltage in the frequency domain at bus-4 are given in
figures 5, 6 and 7 respectively.
Variations of critical power values obtained from steady-state voltage stability analysis at
bus-4 and bus-3 are illustrated in figure 8 and 9 for all conduction angles respectively.

Table 1. Four-bus system impedance and line charging data.
From bus

To bus

Z, line impedance (p.u.)

B, line charging (p.u.)

1
2
3
1

2
3
4
4

0·01 + j 0·01
0·02 + j 0·08
0·01 + j 0·02
0·01 + j 0·02

j 2·1125e − 4
j 8·4500e − 4
j 4·2250e − 4
j 4·2250e − 4
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Table 2. Four-bus system load data.
Bus no.

Pload (p.u.)

Qload (p.u.)

1
2
3
4

0·00
0·10
0·10
0·80

0·00
0·10
0·10
0·40

Figure 3. Variations of individual harmonic
distortion as a function of conduction angles.

Figure 4. Variations of reactive power at
bus-4 for all conduction angles.

Figure 5. Variations of critical voltage at
bus-4 for σ = 70◦ .
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Figure 6. Variation of critical voltage at
bus-4 for σ = 105◦ .

Figure 7. Variations of critical voltage at
bus-4 for σ = 160◦ .

Figure 8. Critical power values versus
conduction angle at bus-4.
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Figure 9. Critical power values versus
conduction angle at bus-3.

7. Conclusions
We have investigated the effects of harmonics on voltage stability in power systems. The
following conclusions are derived from the study.
• Reactive power compensation is very important in terms of voltage stability. Perfect
compensation cannot be achieved when the effects of harmonics are not taken into
consideration. The simulation results show that there are significant harmonic distortions
within the compensator system. Hence, the conduction angle must be changed to obtain
the desired reactive power in the system.
• The harmonic distortions in the system are low in properly designed static VAR compensator systems including TCR. This approach of designing for the minimization of
harmonic effects helps us in the operation of the system and as a result provides steadystate operations of the system.
• The bus connected with nonlinear elements particularly needs to be studied in terms
of stability. The analysis performed in this study indicates that the bus with nonlinear
elements is the one most affected by the harmonics.
• When the system connected with static VAR compensator including FC-TCR is examined, it is noticed that some differences occur in critical values obtained from steadystate stability analysis depending on the presence of the harmonic component. This case
clearly shows that harmonic components have non-negligible importance in stability.
Appendix A. Harmonic power flow algorithm
Step 1: Make an initial guess for the fundamental and harmonic bus voltage magnitudes and
phase angles (V (1) = 1·0 p.u., δ (1) = 0 radian, V (h) = 0·1 p.u. andδ (h) = 0).
(h)
(h)
and gi,m
for nonlinear loads.
Step 2: Compute the nonlinear device currents gr,m
Step 3: Evaluate [M] (10)–(12); if it is a small enough stop.
Step 4: Evaluate J and calculate [X], (13) using matrix inversion or forward/backward
substitution.
Step 5: Update [X], (6), [X] +1 = [X] − [X] ( is iteration number).
Step 6: Go to step 2.
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