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Applications
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ABSTRACT

The theory, transient and steady state models of a
new topology of UPFC, the center node unified power
flow controller(C-UPFC), are presented in this paper.
Also, a control system for this device is presented.
The CUPFC consists of three voltage source inverters
(VSI) with common DC link capacitor. The proposed
model represents the behavior of the controller in the
steady and transient states operating conditions. The
presented model and control system of C-UPFC is
validated with help of the PSCAD/EMTDC simula-
tion program. In this paper C-UPFC is simulated
under different operating conditions. The presented
control system enables the CUPFC to independent
control of the active and reactive power flows at the
both ends of transmission line, regulating the DC link
capacitor and AC bus voltage and power oscillation
damping. It will be shown that by adding a supple-
mentary control signal to the shunt inverter control
system, it is possible to balance line current too.

Keywords: FACTS, Transient Model, Transient
Stability, UPFC, C-UPFC, Line Current Balancing

1. INTRODUCTION

The concept of the flexible AC transmission sys-
tems (FACTS) based on the power electronics con-
verters has introduced many possibilities for fast con-
trolling and optimization of electric power flow in
transmission lines and improving the power quality
of distribution subsystems [1]. The FACTS devices
can be categorized as:

Transformer based devices (e.g., Inter Phase Con-
trollers) [2].

Thyristor based devices (e.g., Thyristor Controlled
Series Capacitor) [3].

Self commutated based devices (e.g., STATIC
Compensator [4], Static Synchronous Series Compen-
sator [5, 6], Unified Power Flow Controller [7, 8]).

The UPFC is the most elegant device of FACTS
controllers, shown in Fig. 1. It consists of two voltage
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source converters with one common DC link capac-
itor. The converters are connected in parallel and
in series. Each converter can independently generate
or absorb reactive power. This arrangement enables
control of active and reactive power. The ordinary
UPFC has 4 control variables (phase and magnitude
of shunt and series converters). Using these con-
trol variables it is possible to control the line active
power flow, sending or receiving end reactive power,
shunt converter AC bus voltage and DC link volt-
age [9, 10]. Because of the limited number of con-
trol variables, the ordinary UPFC is not capable of
controlling the line active and reactive powers of two
machine system, simultaneously. To overcome this
problem, a new topology of UPFC has been used.
This new FACTS device is named center node UPFC
(C-UPFC) installed at the midpoint of transmission
line [11]. The proposed device consists of three IGCT
based voltage source converters (see Fig.2). A shunt
converter is connected at the midpoint of two series
connected converters. In this paper the capabilities
of this device will be discussed. It will be shown that
this device can control the active and reactive pow-
ers of receiving and sending ends and simultaneously
can regulate the midpoint voltage magnitude and DC
link voltage. Also, in [11] C-UPFC with 2 DC links
is presented for the steady state applications. In this
paper the transient model of CUPFC and its appli-
cation for the line current balancing is presented and
the suggested device needs only one DC link.
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General configuration of UPFC

Fig.1:

2. MODELING OF C-UPFC
2.1 Steady State Model

The single line diagram of the C-UPFC fundamen-
tal frequency model is illustrated in Fig.3-a. In this
model the losses are neglected.
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Fig.2: General configuration of C-UPFC

Fig. 3-b and c show the phasor diagrams of trans-
mission line without and with installed C-UPFC. The
DC link voltage and AC mid point voltage (Vo) are
controlled and regulated by shunt inverter.

Fig.3: Phasor diagram of transmission line a- The
fundamental frequency model of C-UPFC' b- without
C-UPFC c- with C-UPFC

With regulating mid point voltage and controlling
the magnitude and phase of series inverters voltages
the phase and magnitude of Vrr and Vss can be con-
trolled independently and therefore, active and reac-
tive power of both ends machine are controlled inde-
pendently. Hence, the presented topology of UPFC
has 6 control variables.

The main objective of series inverters is to produce
AC voltages of controllable magnitude and phase an-
gle, and inject these voltages at fundamental fre-
quency into the transmission line. Therefore, the real
and reactive power of both ends of transmission line
is controlled as independently. The shunt converter
provides the required real power at the DC terminals.
Also, the shunt inverter controls AC bus voltage by
generating/ absorbing of reactive power.

2.2 Transient Model of C-UPFC

Fig.4 shows the transient model of the C-UPFC.
The Lsha Lsrja Lsr—r and 1%sha Rsr—sv Rsr—r represent

leakage inductances of transformers and losses of in-
verters and transformers. The shunt converter of C-
UPFC operates like a STATCOM [12]. It provides the
path for the shunt current (I, = Is — I) and sets
the midpoint voltage magnitude on |V,.| = |Vs| = | V|-
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Fig.4: Transient model of C-UPFC

3. CONTROL STRATEGY OF CONVERT-
ERS

In most cases, the UPFC is used to control its send-
ing end bus voltage magnitude by generating or ab-
sorbing reactive power, and to control power flows on
the transmission line by regulating the magnitude and
phase angle of series injected voltage. This control
mode is named automatic voltage and power flow con-
trol mode. In this paper, this and power/ frequency
oscillation damping mode for C-UPFC are presented.

3.1 Series Inverters

By controlling the magnitude and phase angle of
line current, active and reactive power of sending and
receiving ends can be controlled. The line current can
be controlled by injection of series voltages, Es and
Er.The sending and receiving ends active and reactive
powers are calculated by equations (4) and (5).



266 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.9, NO.2 August 2011

Ps _3 Vsd VYS(] Isd
|:Q5:|_2|:V5‘1 Vsd][-’sq} @

PT' _ § ‘/Td Vr'q ITd (5)

Q’l‘ o 2 _qu ‘/rd Irq
The real power flow from sending and receiving
ends can be independently controlled if the DC link
is a DC voltage source. In this paper DC link is only

a capacitor. Neglecting the line and inverters losses
we have:

P.=P,=P (6)

The reference currents of series inverters are ob-
tained from equations (4) and (5) as bellow:

I:r,sld :g NST*S ‘/Sd _Vsq p* (7)
I3 3(VE+V2) [Vsa Ve | Q%

sr_slq

|:I;rr1d :| — 2

2 N, {vm —vm} {P*
sr_rlq 3 (V;Qd + V;‘Qq)

« 8

qu ‘/T‘d Q'r:| ( )
Considering equations 2, 3, 7 and 8 the control

system of series inverters can be formed as Fig. 5.

3.2 Shunt Inverter

The shunt converter has basically two functions:

1- Controlling the voltage magnitude at the send-
ing end bus by generating or absorbing reactive
power.

2- Supplying the demanded real power at the DC
terminal by series inverters.

With controlling reactive power of shunt inverter
the midpoint bus voltage is controlled. Qsh can be
calculated as follows:

3
Qsh = 5 (delshq - qulshd) (9)

The exchanged active power between series invert-
ers and AC system is caused to change the DC link
voltage. Therefore, the shunt inverter must supply
the active power of series inverters, Py, and the losses
of three inverters, Ploss, to regulate the DC link volt-
age. Py can be calculated as follows:

3 3
Psr == 7(EsdIsd+Esquq) - E(Erdjrd“i’Equrq) (10)

2

The active power of shunt inverter can be written
as follows:

3
Psh = Psr + ]Dloss = i(vmdlshd + quIshq) (11)

Using equations (9), (11) and turn ratio of shunt
transformer the reference currents of shunt inverter
can be obtained as bellow:

|:Ish1d:| _gN 1 |:de qu:||:R9h :|
Ishlq N 3 sh (Vrid + Vr%,q) qu de Qsh
(12)
The shunt converter can be used to balance the
line current and to compensate line current harmon-
ics. Therefore a supplementary control signal must
be added to the control system of shunt converter.
To obtain this signal, the active, P, and reactive, Q,

powers of the load side are calculated.

. -3
P=P+P =3 Voala+Vigls)  (13)
- -3
Q = Q + Q = 5 (deIrq - quIrd) (14)

The unbalance current of load can be obtained as
follows:

Iunbal - % ([La + ILb + IL(:) (15)

The desired value of Q, Q, P and Ipnpq is equal to
zero. Therefore, the shunt branch must compensate
these parameters. To extract undesired component of
active power, i.e. 15, the instantaneous active power
signal must pass through a high pass filter with a cut
off frequency of 10 Hz. The d-q forms of the supple-
mentary reference signal of shunt branch current are
calculated using equations (16) and (17).

PVind — QVing
‘ Vina + Ving (o)
I = P‘/nLq - vad (17)

T Vet Vi

Now, they must be added to equation (12) (see
equation 18).
I, 2 1 Vina  —Vino [ Pan ] [T
md| 2N _ - d a byl d
Ishlq 3 (deJerq) qu de Qsh [q
(18)

The reference currents of shunt inverter can be ob-
tained by:

I;ha Ish1a Lunbai
I:h,b - T(9)7 Ishlq + Iunbal (19)
I:hc Iunbal Iunbal

Fig.6 shows the control system of this inverter. To
consider the losses of inverters the DC link voltage
error must be added to this control system.

Vdcerr - Vd*c - Vdc (20)
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Fig.6: Control system of shunt inverter

3.3 Power Oscillation Damping

In the presented control system for power oscilla-
tion damping, see Fig. 7, the rotor speed variation di-
rectly is added to active power reference signal, Pref,
at series converters control systems. The simulation
results carried out by transient model, show that the
power oscillations caused by 3 and 1 phase fault are
quickly controlled. The generator phase angle oscilla-
tions are damped faster and hence the system appears
to be more stable.

4. SWITCHING STRATEGY OF CON-
VERTERS

The C-UPFC is consists of three voltage source
converters with semiconductor devices having turn off
capability. There are two basic control strategies that
can be used to control the switching of semiconductor
switches in the converters [16].

1- Pulse Width Modulation (PWM) method.

2- Phase Control Strategy.

GTO switches operate adequately at the low
switching frequencies required in phase control, but
present losses at the high switching frequencies
needed for PWM control. However, recent advances
in high voltage IGBT technology have led to the
development of the Integrated Gate Commutated
Thyristor (IGCT), which is basically an optimum
combination of thyristor and GTO technology at low
cast, low complexity and high efficiency [17]. It can
handle higher switching frequencies with relatively
low losses, allowing for the practical implementation
of PWM control methodologies.

In the phase control approach in order to generat-
ing the output voltage waveforms with low harmon-
ics, must be used multi connected phase shifted con-
verters with a common DC link and coupled through
appropriate magnetic circuits.

The PWM technique is based on fast switching of
semiconductor switches to produce an output volt-
age waveform with low harmonic, which depends on
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the number of notches per cycle. The advantage of
this technique is that it allows independent and easy
control of active and reactive power components, pro-
vided that the DC voltage is kept constant and suffi-
ciently high.

In this paper, the closed loop Sinusoidal PWM
controller is used. Fig. 8 shows the gate pulse gen-
erator circuit of the series and shunt inverters based
on SPWM technique. In the presented SPWM tech-
nique, the error signal is applied to a proportional
controller and the output signal of controller is the
reference signal of SPWM technique.
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Fig.7: Power oscillation damping controller
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Fig.8: Generator circuit of gate pulses

5. SIMULATION RESULTS

The two machine test system, whish is simulated
by PSCAD/EMTDC [18], is shown in Fig.9. The
inverters consist of IGCT based three phase voltage
source converters. The transmission line configura-
tion is illustrated in Fig. 10. The parameters of test
system are listed in appendix. The C-UPFC is lo-
cated at the mid point of transmission line to control
the power flow and transient stability enhancement.
The power system is subjected to different perturba-
tions to simulate the presented transient model and
control system of C-UPFC. Thus, the following cases
are studied on the test system:

The active and reactive power references of line are
changed as step.

The load angle of generator is changed as step.

An unbalance load is added to the mid point bus.

A 3-phase fault through impedance is applied.

Finally, the C-UPFC is used to damping the out
put power oscillations of generator caused by the 3
and one phase fault.

As mentioned earlier, the C-UPFC can control line
active and reactive power flows in steady state and

transient conditions. Fig. 11 shows the reference and
line active power flows. As it can be seen the line
power flow follows the step changes of reference. To
compare the capability of UPFC and C-UPFC, the
Fig. 12-a and b show the reactive powers of receiv-
ing and sending ends, respectively. In this case the
conventional UPFC has been simulated. The same
variables are illustrated in Fig. 13-a and b, but in
this case C-UPFC shown in Fig. 9 has been simu-
lated. In both simulations the reference points are the
same. As it can be seen, during transient conditions
C-UPFC can limit the receiving and sensing ends re-
active power flows much better than UPFC. For ex-
ample, receiving end reactive power flow is limited
about 40MVAR in Fig.12-a to 10 MVAR in Fig.13-a
and the sending end reactive power is limited about
130MVAR in Fig.12-b to 30MVAR in Fig.13-b. These
figures show the reactive power of both ends when the
reference point of reactive power is zero and the ac-
tive power changes as Fig.11. The Fig. 14-a and b
describe the reference voltage and current of series
and shunt inverters.

To show the capability of C-UPFC for reactive
power flow control, step changes of reactive power
reference point have been applied to the designed con-
trol system. The simulation results are presented in
Fig. 15-a and b for reactive power flows of receiving
and sending ends. In this case, the load bus voltage
and sending end voltage are shown in Fig. 16. This
figure shows that CUPFC can properly regulate the
load bus voltage. The reference voltages of series in-
verters and reference current of shunt inverter in this
case are given in Fig. 17- a, b and c.

Now we set the line active and reactive power flow
reference points to 200 MW and 0 MVAR, respec-
tively. This time the load angle of generator No.2
has been changed as shown in Fig. 18. The simula-
tion results are presented in Fig. 19-a and b. It is
obvious that C-UPFC can easily regulate and com-
pensate line active and reactive power flows.

Because, the reference points of active and reac-
tive power of left and right side inverters are same,
therefore the reference voltage of these inverters will
be same as shown in Fig. 20-a. Fig. 20-b shows the
reference current of shunt inverter.

The Fig. 21 shows the DC link capacitors voltages
when the line active power flow is changed as Fig. 11.
It can be seen that the presented control system for
shunt inverter regulates the DC link capacitor voltage
as properly.

An attractive application of C-UPFC is load cur-
rent balancing. The control system shown in Fig.6
has added this capability to the conventional UPFC.
The unbalance load has been modeled as shown in
Fig.9. The simulation results are illustrated in Fig.
22-a and b. As it can been seen the sending end gen-
erator currents are balanced. The injected current by
shunt inverter is shown in Fig. 23. Table 1 lists the
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Fig.11: Reference and active power flow, Qres=0,

C-UPFC installed (MW)

harmonics and THD of line current when the active
and reactive powers are changed as step.

A 3-phase fault through impedance is applied at
load bus at 2.5sec. The fault is cleared after 0.075sec.
Also it can be seen from waveforms shown in Fig.24

that, the generator at receiving end recovers success-
fully after clearing the fault. Fig. 24-a shows the line
active power when C-UPFC is not installed. Fig. 24-
b, ¢ and d show the line active power, load bus volt-
age and DC link capacitor voltage, when C-UPFC is
installed, respectively.

A 3-phase and one phase fault to ground is applied
at load bus at 1.5sec and Tsec, respectively. Fig. 25
shows the simulation results of this case. The dura-
tion of each fault is considered 0.075sec. The results
depicted in Fig.25 show that, the power and phase an-
gle oscillations of generator are quickly controlled and
damped faster. Also these results show that, the load
bus voltage and DC capacitor voltage are regulated
as properly. Fig. 26 and Fig.27 show the injected
series voltage by series inverters and injected active
and reactive power by shunt inverter at this case.
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end,
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Fig.23: Injected current by shunt inverter
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Fig.25-a: Line active power when a 3 and Iphase
faults occurred and C-UPFC is installed
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Fig.25-b: Load angle of generator 2 when a 8 and
1phase faults occurred and C-UPFC is installed
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Fig.25-c: Load bus voltage when a 3 and 1phase
faults occurred and C-UPFC is installed
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Fig.25-d: DC link capacitor voltage(KV) when a 3
and 1phase faults occurred and C-UPFC is installed
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Fig.26: Inserted series voltage by series inverters
when a 8 and 1phase faults occurred and C-UPFC is

installed
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Fig.27-a: Active power of shunt inverter when a 3
and 1 phase faults occurred and C-UPFC' is installed
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Fig.27-b: Reactive power of shunt inverter when a
8 and 1 phase faults occurred and C-UPFC is

installed
Table 1: Table 2: Parameters of C_UPFC
Harmonies | gy | 5on | 7¢h | 11¢h | 13th | THD
order
Values% 2 1.6 1 5 .05 2.79

6. CONCLUSION

This paper presents the transient model and con-
trol system of a new FACTS device, the center node
unified power flow controller (C_UPFC), installed at
the midpoint of a transmission line. The presented
C_UPFC control system can regulate line active and
reactive power flow and voltage at midpoint of the
transmission line. The presented control system of
C_UPFC not only responses to the step changing in
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the active and reactive power, but also is able to ex-
change the direction of line active power flows. In
this paper a supplementary control system is added
to the shunt inverter control system to compensate
unbalance load current. It shown that presented con-
trol system for power oscillation damping is capable
to damping the power and rotor angle after 3 and 1
phase fault occurring.

The simulation results indicate the fast dynamic
response, validity and effectiveness of the presented
new FACTS device and its control scheme.

Appendix
Parameters of generators:
Line to neutral voltage (rms): 11.56 KV
Base angular frequency (rad/sec): 376.991
Armature Resistance (pu): 0.002, 800 MVA
Stator leakage reactance (pu): 0.14
Xd: 1.79 (pu), Xd’: 0.169 (pu), Xd”: 0.135 (pu)
Xq: 1.71 (pu), Xq’: 0.228 (pu), Xq”: 0.2 (pu)
Generators out put transformers parameters:

V1/V2 = 20/230 (KV), 900 MVA

Table 2: Table 2: Parameters of C_UPFC
Ccs,Cer | Les,Ler | Res,Rer C
10pf 1mh 50 470puf

Ccp | Lep | Rep
10uf | 2mh | 5Q

Parameters of PI controller:
The parameters of PI controller are determined by
thorough and repeated study of system responses un-
der various operating conditions. The PI controller
settings, which give the best responses under all the
tested conditions, are listed bellow:
Kppr1=0.5, Kipr1=0.1, Kpps1=0.09, Kips1=0.5
Kppr2=2.5, Kipr2=1, Kpps2=2.1, Kips2=1.55
Kpqrl=0.45, Kiqr1=0.2, Kpgs1=0.05, Kigs1=0.7
Kpqr2=2.3, Kiqr2=2.1, Kpgs2=3, Kiqgs2=1
Kpv1=0.5, Kivl1=0.2, Kpv2=5, Kiv2=0.2
Kpcl1=0.2, Kic1=0.1, Kpc2=1, Kic2=0.1
Parameters of SPWM PI controller:
Kp=100, Ki=1000
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