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Dynamic Modeling of UPFC by Two Shunt \Voltage-
Source Converters and a Series Capacitor

Farzad Mohammadzadeh Shahir and Ebrahim Babaei

Abstract—The unified power flow controller (UPFC) is one
of the FACTS devices vastly applied in power systems. This
paper presents the modeling of a new structure of UPFC
consists of two shunt voltage-source converters and a series
capacitor. Through the presented modeling, the transient and
steady states responses of UPFC are well investigated. The
results of the investigation are presented for the transient and
steady states by simulating proposed system in MATLAB
changing each system parameter.

Index Terms—FACTS devices, steady state modeling,
transient state modeling, UPFC.

I. INTRODUCTION

Stability maintenance is one of the most necessary
requisitions of the power system, which has been discussed
under several titles such as transient, dynamic, and voltage
stability [1]. Recent progresses in high power
semiconductor devices and their control techniques fields
leads to vast application of FACTS devices in power
systems, specially in asymmetric power distribution
regulation. UPFC is one of the most important and the
most effective FACTS device installed in ac transmission
systems [2], [3]. In [4], a new structure, which uses two
shunt voltage-source converters along with a capacitor,
installed between these converters, is presented for UPFC
as shown in Fig. 1 to overcome such problem. The UPFC
parameters can be controlled through the capacitor voltage
control [4], [5]. Also, the total harmonics distortion (THD)
of injected series voltage is decreased in comparison with
that of the conventional structures. In addition, the control
and measuring systems design is simplified and the
insulation and protection levels of transformers are well
reduced. In this paper, it is tried to present a dynamic
model for the UPFC structure presented in [4], [5] through
modeling and mathematical relations calculation as well as
stability analysis of this system by investigating the
assumed system’s critical eigenvalues condition.

Il. MATHEMATICAL MODELING

A. Voltage Source Converters Modeling
The operation of four input control parameters of the
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presented UPFC ( &, , &, ., Mg, , and m., ) are

introduced and investigated to evaluate its dynamic model.
Fig. 2(a) shows the structure of this system in details. The
mathematical relations of this structure must be extracted
for modeling. In order to achieve this aim, one of the
phases is selected and the analyses are carried out for just
this phase of shunt voltage-source converters due to the
similarity of the structures and performance of the
converters. For further explanations, Fig. 2(b), which
shows the UPFC components such as dc link, a phase of
exciting transformer in shunt voltage-source converter 1,
and its related leg is initially considered. Here, it is
assumed that Cq, dc link capacitor, is divided into two
equal parts and its middle point is named as n. In addition,
installed  switch, &_, . and &', switches are

bidirectional ones with r; on resistance, which can be
considered as the conduction losses parameter of the
switches and can be applied in losses analysis. The

switches S.,, and S[ ., which define positive and
negative switching function, respectively, have two
operation modes for on/off states. According to the PWM
technique application [6], for voltage-source converter
operation control, S.,, and S.,, are always
complementary and the following is valid:

Sera TSe1a =1 (1)

The following is obtained applying Kirchhoffs’ voltage
law on the circuit of Fig. 2(b):

L diE,l,a - _
Ela dt + rE,l,aIE,l,a - VEt,l,a _VE,l,a (2)
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Fig. 1. Structure of presented UPFC in [4]
In (2), Legy s Tegur Tegr s Veng » Veg are used for

leakage inductance of transformer, current in shunt
converter, resistance of transformer, voltage of shunt
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converter, and injecting voltage of shunt converter,
respectively, on converter g and phase k which g and k

subscripts refer to number of shunt converter, and phase of
three phase system, respectively. The following is obtained
according to Fig. 2(b):

Vera =Vew TV, 3)

Parameter v, can be calculated on a period as follows:

Vew = (iE,l,arS +Vdc)SE,1,a + iE,lar Séla “)
In (4), v, is the voltage of dc link. Applying S{,,
value from (1) to (4) leads to the follows:
_V SEla El,arS (5)
Considering (3) and (5), v, , is obtained as follows:
VEla = VchE,l,a + iE,l,ars Vi (6)
From (2) and (6) and assuming R.,, =I5+, the
following can be obtained:
diE 1la -
LE,l,a T = _RE,l,aIE,l,a - (VchE,l,a +VHn) +Vei1a (7

According to Fig. 2(a) and assuming the system balance,
parameter v,,, could be calculated as follows:

k=a,b,c
If S;,, is expanded by Fourier discrete series [7-10],

Vdc

-

3 ®)

the following is valid:

m 1
Ela =%COS(WI_5E,1)+E ©)
In (9), dEgk, are mean positive half

Switching function, phase angle, and modulation index of
shunt converter g, respectively. Therefore, v, in (9) is

g and mg

obtained from d.,, , d.,, and d.,, applying proper
values of S.,, (fork=a, b, and c). Applying v,,, from (9)
and vg, from (5) in (3) results:

mE,lvdc

= A, COSO:, = cos(at + ¢ ;)

(10)

Ela

In (10), A,

obtained for

is voltage amplitude. Finally, the relation

phase a and assuming same switch
( RE,l,a = RE,l,b = RE,l,c = RE,l and

Lesa =Llesp =Llesc=Les ) applying

Ve 1, Value of (10) in (2) as follows :

is achieved

dIE,l,a

at

The obtained mathematical model for phase a, in (11)

LE,]. AEICOS5E1+VEtla

)

El Ela
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can be acceptable for phase b and ¢ with considering 120°

and 240 phase difference, respectively. Also, in this
analysis, the equations are obtained for shunt converter 1
can be acceptable for three phase of shunt converter 2 as
follows:

-R

EZEZa AEZCOS§E2+VEt2a (12)
B. DC Link Modeling

In order to dynamic modeling of dc link, the following
equations can be considered:

IdCZIE,l,dc+IE,2,dc: Z (IElkdE1k+|E2k EZk) (13)
k=a,b,c

IE‘Z‘Ei

lerde ~ leoac
=G L2
Idc
%rs l__ Cdc
) §E‘1‘a . __7
lera  fey, Lepo v a
) = F Vdc n
N §E,La h L %
_L_ I 2
H
(b)

Fig. 2. Equivalent circuit of the proposed UPFC; (a) Detailed

structure; (b) Equivalent circuit of phase a

Applying d¢,, (for k=a, b, and c) from (9) and d;,,,

the following is obtained for i, value:

= %[eos(wt +6,) cos(wt+6;, -120°) cos(at +J;, +120°)]

£2) COS(at+o;,—1207)

IE,Z,a

cos(wt+ I , +120°)]x| i ,,

IE‘Z,C

(14)
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C. Series Capacitor Modeling

Here, it is intended to model the series capacitor as
follow:
dv

se,k

dt

ii for k =a,b,c (15)

se,k
se

The series capacitor current, i is considered as

follows:
CSE [

In the aforementioned equations, C_, and v, show

se !

dVe o
dt

_ avie
dt

Ise,k =

J for k =a,b,c (16)

series capacitor and its voltage. Applying i, from (16) in
(15) results in capacitor dynamic equation as follows:

dvse,k _

dt

dve o0
dt

_ avie 1
dt

for k =a,b,c (17)

D. The Complete Equivalent Circuit of the Proposed
UPFC
Based on (11), (12), (14), and (17), the complete
equivalent circuit of the proposed UPFC can be shown as
the structure illustrated in Fig. 3.

iE,l,SC iE‘Z‘dc
[

Cdc 4

+

D
1

Fig. 3. Generalized equivalent circuit of the proposed UPFC

I1l. STATE SPACE EQUATIONS DERIVATION

Based on (11), (12), (14), and (17), the state space
equations of the proposed UPFC can be expressed as
follows:

X =AX +BU (18)
where X and U are considered as follows:
X =Ji i i i i i V., vV ]T
E,la E,1b Elc E,2,a E,2,b E,3,c dc se
T
U= [VEt,l,a VEt,l,b VEt,l,c VEt,Z,a VEt,z,b VEt,z,c]

The non-zero arrays of A and B values are presented in
appendix. It should be noted that the mathematical model
derived for the proposed UPFC is valid for the angular

478

frequency domain less than the switching frequency f. .

IV. STEADY STATE MODEL

In this section, the losses of UPFC structure are
neglected. The dc link voltage supporting shunt voltage-
source converters 1 and 2 is considered constant. The
following can be obtained for the steady state equations of
three-phase system from Fig. 2, applying KVL, and
neglecting the resistance of transformers due to great
values of the leakage reactance:

Veg = Xeleak +Vegr for k=abcg=12  (19)

Considering Fig. 2, the following is valid for the voltage
magnitude of the series capacitor:

Vex =—jX =Veak —Veux for k=ab,c (20)

selse‘k

According to (19) and (20), the final steady state model
of this structure would be as follows:

_ZE,l

IE,l,a VEt,l,a _VE,l,a
-Z
Bl leap Veeis —Vein
-Z | V -V,
El E.lc Et,lc Elc
N —0(21)
- ZE,Z IE,z,a VEt,Z,a _VE,Z,a
— ZE ) IE,z,b VEt,Z,b _VE,Z,b
-7 L I E.2,c | _VEt,Z,c _VE,Z,c a
B Ez2 |

where Z_,, Z,, Vg, and Vg, are as follows:

Ze =R, +jolg, for g=12
E,g.k :MléEg for 921,2 and k:a,b,c

Based on (21), the steady state single line diagram of
assumed UPFC can be considered as Fig. 4. The constraint
shown in this figure ( P, +P.,=0) is due to the

following facts, (a). the series capacitor voltage directly
depends on the voltage magnitude and the performance of
1 and 2 shunt converters and its reactive power is
determined by the voltage ratio of converter 2 to converter
1; (b). The dc link voltage is constant if no active power is
exchanged and losses are neglected; (c). The operation of
converters mutually depends on each other.

Fig. 4. Steady state model of the proposed UPFC
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V. DYNAMIC MODEL

The dc link voltage on d-g axis is considered as follows
applying Park's transformation:

avy,

e Ez E.2, 22
dt:4c [COS&ElsIn5E1:||: u} ic [005552 slné‘gz]{ d}( )

The followings are valid for the injecting voltages of 1
and 2 converters terminal on d-g axis:

Vetg.d |:0 XEgi| ie.g.0 .
Verg.q 0 XEG leg.q
The series capacitor voltage can be expressed as

follows:
Vse, d _ VEt 1d
vse, q VEt 1,9

Considering (23) and (24), the state variables are as
follows:

mEg dc
—2=c056, ,
forg =1,2.(23)
m

Mgn 5E 9

_VEt,z,d

24

_VEt,Z,q

X, +B, u

dgo dqgo (25 )

quo = Aﬁqo

dqgo

where x,., and u,,, are as follows:

; : : : : : T
quo - [IE,l.d IE,1,q IE,l.o IE,Z,d IE,Z,q IE,2,0 vdco vseo]

_ T
udqo - [VEt,l,d VEt,l,q VEt,l,o vEt,Z,d VEt,Z,q VEt,Z,o]

4o are explained in appendix.

where A, and B

VI. SMALL SIGNAL DYNAMIC MODEL

Based on d-q axis small signal model of proposed UPFC
(25) is linearized by making an approximation around the
system operation point, and is expressed as follows:

quoAx +B!

'dgo dgo Audqo (2 6)

dqo

The non-zero arrays of A, and Bj, are presented in

appendix. The small signal model presented in (26) can
easily be applied in a wide range of system dynamics
investigations such as low frequency electromechanical
modes (0.1Hz-2Hz), tensional oscillatory modes (5-55Hz),
and 2" and 3" order resonance harmonics.

VII. SIMULATION RESULTS

The effects of each UPFC parameters variation are
investigated and simulated in MATLAB software. Here,

the UPFC parameters are considered as
Xe1=Xg,=03pu ) mg,=mg,=1 )
Re,=Rg,=03pu , Vo =2pu , X,=02, C,=3pu ,

f, =50Hz .

A. Transient State Investigation

In this subsection, the system’s dynamic stability is
investigated through system’s critical eigenvalues analysis.
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Due to the simulation results, the &, variations do not
improve the system’s critical eigenvalues and transient
state stability parameters and does not affect the dynamic
stability of the presented UPFC. The simulation results are
shown in Fig. 5. Due to the simulation results, the &,

variations improve the system’s critical eigenvalues and
transient state stability parameters.

100 .
50 y
Imag.
Ais0 € ]
-50 55,1 — S A
mE,l_ - N
-100 L L L
-100 -50 . 0 50
Real Axis
(a)
100
Imag -7
i<0 < & |
AXis * ~
‘55,2 I
mE,Z
_100 L— . . . . |
-100 -80 -60 -40 -20 0 20
Real Axis
(b)

Fig. 5. Eigenvalues variation, (a) Jg, and Mg, , (b) Jg, and Mg,

B. Steady State Investigation

The variations of |I.,| and |l ,| are investigated in this
subsection. Parameter |V,,| is considered to be constant
and to be equal to 0.5pu and it is assumed that |V, | and

Ve .| varies from 0.9pu to 1.2pu and 5, and &, varies

in rectifying to alternating modes between —45° and +45°,
respectively. according to Fig. 6(a), the magnitude of

|l |is maximum in s, =0" and decreases as 5, varies
for converter 2 operation change to rectifying, and for
constant &, value, the magnitude of |I.,| decreases as
|VE'1| magnitude increases. According to simulation results
are shown in Fig. 6(b), the magnitude of ||Ey2| is maximum
in 5., =0" and decreases as o, varies for converter 1
operation change to rectifying and for constant o, value,
the magnitude of |I.,| decreases as [V.,| magnitude

increases.

1.2

‘ VE,1‘ ( pu)1 s
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Fig. 6. (a) |I¢,| variations, (b) [I,| variations (V,,|=0.5pu)

VIII.

In this paper, a generalized mathematical model is
presented for the proposed UPFC. The presented modeling
can be applied in power flow calculations, system’s
eigenvalues condition assess, and dynamic and transient
states stability analysis. In this modeling, it is assumed that
the system is symmetric and the three-phase operation is
balance. Steady transient states and the considered UPFC
small signal equations are derived in details. The transient
state equations are presented in linear mode around
system’s operation point. In this paper, the steady state and
the transient state are investigated separately. In addition,
the effect of each UPFC parameter variation in steady state
mode is expressed and can be applied in power flow

investigations. According to the simulation results, |1 ,|

CONCLUSION

intensively affects |V, |, active and reactive powers, and

UPFC performance. In transient state evaluation, the
effects of control parameters variation of this structure on
the considered UPFC and its variations on the system’s
eigenvalues are assessed and &, reduction desirably

improves the transient state stability.

APPENDIX
The non-zero arrays of matrix A, in (18) are as follows:

I:aE,l

22 =855 = L
£1

RE,Z
LE,Z

a1, =8 Ay 44 =855 =8y 65 =~

a,1; =S, CoS(wt+6;,) , &, ,; =S, COS(wt + 5 , —120°)
3, 5 =S, COS(@t + 6, +120°) , @, ,, =, cos(at + S ,)

a5 =S, CoS(at + 6 , ~120°) ,
a,6; =S, COS(@t + I , +1207)

8y 71 =S; COS(at + ¢, ), @y 7, =S, COS(wt + 5 ; —120°)
8y 75 = S5 COS(@t + ¢, +120°) , @, ,, =, COS(et + S ,)

a, 5 =S, COS(@t + & , —1207) \
a, 75 = S, CoS(awt + 5 , +1207)
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The non-zero arrays of Matrix B, in (18) are as follows:

1
bg,n = bg‘ZZ = bg,33 =7

=

1 1

bg,44 = bg,ss = bg‘66 :g ) bg‘SS = CTe
1
bg,77 = C_dc’
bg,81 = bg,sz = bg,83 = _bg,84 = _bg,85 = _bg,86 =-1

The non-zero arrays of matrix A, , in (25) are as
follows:

RE,Z

I‘E,2

RE,l

Qq011 = Qqo2 =
LE,l

v Byq033 = Ayqoa4 = T

Byq012 = "Byq0,21 = Bigo,a3 = Bqoa — Do
Qyq0,35 = Sg COS 5E,2

Ayq015 = S5 COS 5E,1 1 8gq0,25 = S5 SIN 5E,1 1 Qyq0,45 = S SIN 5E,2
Qyq052 =57 SIN 5E,1 1 Qy4q0,53 = Sg COS 55,2 1 Qyq051 = S7 COS 5E,1

8, 57 =S5 COS(awt + &, —120°)

The non-zero arrays of matrix B in (25) are as

dgo ?
follows:
1 1
bqull zbdqo 2= 'bqu 33 =bdq044 = )
' ' L ' ' L
E1 E,2
b 1
dq0,55 —
Cdc
b =b =-Db =-Db =-1,b Lt
dq0,61 — ~dg0,62 — ~ “dq0,63 —  “Mdq0,64 — - “dq0,66 _C
se
The non-zero arrays of matrix A, , in (26) are as
follows:
R, o R. .o
’ ’ E 1770 ’ _ A’ _ E 2770
Q011 = Ryqo,22 = L 184q0,33 = Ayqo.a4 = — L
E1l E,2

’ ’ ’ ’
Qq012 = ~Sqo,21 = Qqo,34 = Shiqo,a3 = Dy

a(;qO,lS =—S§, COS 5E,1 ) a(,1q0,25 =-5 sin 5E,1 )
’
Q035 = S0 COS&E,z

' . ’ , X
840,45 = Sio SIN 55,2 » 8yq0,51 = Sy COS 55,1 1 845052 = Sy1 SIN 55,1
' f .
844053 = Sp2 COS Oz yq0,54 = S SIN O
q;qo,ee, = _q;qo,szt =aple, ,3t;q0,61 = _é\;qo,ez =-ayl¢,

8065 = 0.5(Me ,8IN G , M, SN, )+0.5(me , COS G, M, COS S, , |

!

The non-zero arrays of matrix B, ,

follows:

in (26) are as

’ ’ H
iqo11 — —S;3 COS 5E,1 ) bdqo,lz =5, 8In 5E,1 )

, _ .
dq0,21 — —S;538IN 55,1
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