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Modeling and Control of C-UPFC for Power System Transient Studies
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Abstract: - This paper presents the transient model of a new FACTS device, the center node unified power flow
controller(C-UPFC), installed at the midpoint of a transmission line. The C-UPFC consists of three voltage
source inverters (VSI) with common DC link. One of the converters is connected in parallel at the midpoint of
line and the other two converters are connected in series. The simulation results indicate that the C-UPFC is
capable of independently controlling the active and reactive power flows at the both ends of line and the
magnitude of AC voltage at mid point of line. It is shown that by adding a supplementary signal to the shunt
inverter control system, it is possible to balance line current too.
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1 Introduction

The concept of the flexible AC transmission systems
(FACTS) based on the power electronics converters
has introduced many possibilities for fast controlling
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:

a. Transformer based devices (e.g., Inter Phase
Controllers) [2].

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

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

The UPFC is the most elegant device of FACTS
controllers. It consists of two voltage source
converters with one common DC link capacitor. 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 control
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
voltage [9, 10]. Because of the limited number of
control 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

Thyristor

UPFC (C-UPFC) installed at the midpoint of
transmission line [11]. The proposed device consists
of three IGCT based voltage source converters (see
Fig.1). 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 powers 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 C UPFC and its
application for the line current balancing is
presented and the suggested device needs only one
DC link.
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2 Transient Model of C_UPFC

Fig.2 shows the transient model of the C-UPFC. The
Lsh» Lsr s Lsr r and Rgp, Rgr 5o Rgr 1 represent
leakage inductances of transformers and losses of

inverters and transformers. The shunt converter of
C-UPFC operates like a STATCOM [12]. It provides



the path for the shunt current (74, =7, -1, ) and sets
the midpoint voltage magnitude on|y ,|=|vs|=|v,|.

The series inverters act as SSSC.

Fig.2. Transient model of C-UPFC.

They inject voltages, Eg and E,, in series with the line.

From [13, 14] the transient model equations of shunt
and series inverters are obtained as bellow:
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3 Control Strategy of Converters

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, Eq and

E;.The sending and receiving ends active and
reactive powers are calculated by equations (4) and

(5).
Py 31 Vsd Vs I sd
FH R RS v B

Py _i V rd qu I
ol il e

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:

Proceedings of the 5th WSEAS Int. Conf. on Power Systems and Electromagnetic Compatibility, Corfu, Greece, August 23-25, 2005 (pp417-422)

Pr=Ps=P (6)
The reference currents of series inverters are obtained
from equations (4) and (5) as bellow:
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Considering equations 2, 3, 7 and 8 the control
system of series inverters can be formed as Fig. 3.

3.2 Shunt Inverter

The main tasks of shunt inverter are midpoint bus
voltage regulation and DC link voltage control.

With controlling reactive power of shunt inverter the
midpoint bus voltage is controlled. Qg can be

calculated as follows:

3
Qsh:E(delshq_qu[shd) ©)
The active power exchange of series inverters with
the system changes the DC link voltage. Therefore,
the shunt inverter must supply the active power of

series inverters, Pg, and the losses of three inverters,
Ploss> to regulate the DC link voltage. Py can be
calculated as follows:

3 3
Pgr = E(Esdlsd +Egqlsq )_E(Erdlrd +Erq[rq) (10)

The active power of shunt inverter can be written as
follows:
3
sh = L sr loss = 5V md 1 shd mgq 1 shq
P Pg+P 2(V Tshd +V mg 1 ) (11)

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

[1 shld} 2y [de qu}{Psh} (12)
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The shunt converter can be used to balance the line
current and to compensate line current harmonics.
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:5(de1rd +ququ) (13)

Q:§+§:%(dequ_l/mq1m’) (14)

The unbalance current of load can be obtained as
follows:

1
1 unbar :;(ILa+[Lh+1Lc) (15)

The desired value of 0,0,P and I,,;,; is equal to
zero. Therefore, the shunt branch must compensate
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these parameters. To extract undesired component of
active power, i.e. P, 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
supplementary reference signal of shunt branch

Ishid EN 1 Vimd  —Vmg || Psh + 1,:1 18
Ishiq 3 Sh iV%1d+Vgnqi qu Vimd Qsh ]Z ( )
The reference currents of shunt inverter can be
obtained by:

*
. . 1 1 1
current are calculated using equations (16) and (17). Sha _y| Sk || Punbal
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md mq Fig.4 shows the control system of this inverter. To
I PVig = OV md consider the losses of inverters the DC link voltage
77 2 L p2 ) error must be added to this control system.
md mq * (20)
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Now, they must be added to equation (12) (see
equation 18).
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Fig. 3. Control system of series inverters.
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Fig.4. Control system of shunt inverter.

4 Simulation Results

The tow machine test system, whish is simulated by
PSCAD/EMTDC [15], is shown in Fig.5. The
inverters consist of IGCT based three phase voltage
source  converters. The  transmission line
configuration is illustrated in Fig. 6 and the
parameters of this system are listed in tables 1 and 2.

TABLE 1: POWER SYSTEM PARAMETERS

V(KV) | MVA | f(Hz) | R+jLw(pu) | Phase(deg.)
Gen. 1 230 800 50 .066+).4 0
Gen.2 | 230 800 50 .066+.4 -10
TABLE 2: PARAMETERS of C_UPFC
Ccp | Lep |Rep | Ces, Cer | Les, Ler [Res, Rerf  C
10 puf |[2mh| 5Q | 10 pf 1 mh 5Q 470 uf
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Unbalance load

\Phase a: 100MW & 25MVAR
\Phase b: 200MW & 40MVAR
\Phase c: 250MW & 60MVAR

j?éu

Fig.5. Configuration of simulation system.
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Fig.6. Transmission lines configuration.

As mentioned earlier, the C-UPFC can control
system active and reactive power flows in steady
state and transient conditions. Fig. 7 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. 8 a and b show the reactive
powers of receiving and sending ends, respectively.
In this case the conventional UPFC has been
simulated. The same variables are illustrated in Fig.
9 a and b, but in this case C-UPFC shown in Fig. 5
has been simulated. 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 reactive power flows
much better than UPFC. For example, receiving end
reactive power flow is limited about 30MVAR in
Fig.8-a to 10 MVAR in Fig.9-a and the sending end
reactive power is limited about 130MVAR in Fig.§8-
b to 30MVAR in Fig.9-b. These figures show the
reactive power of both ends when the reference
point of reactive power is zero and the active power
changes as Fig.7. 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 control system. The simulation results
are presented in Fig. 10 a and b for reactive power
flows of receiving and sending ends.

Now we set the line active and reactive power flow
reference points to 380 MW and 0 MVAR,
respectively. This time the load angle of generator
No.2 has been changed as shown in Fig. 11. The
simulation results are presented in Fig. 12 a and b. It
is obvious that C-UPFC can easily regulate and
compensate line active and reactive power flows.
The Fig.13 shows the DC link capacitors voltages
when the line active power flow is changed as Fig.
7.

An attractive application of C-UPFC is load current
balancing. The control system shown in Fig.4 has
added this capability to the conventional UPFC. The
unbalance load has been modeled as shown in Fig.5.
The simulation results are illustrated in Fig. 14. As it
can been seen the sending end generator currents are
balanced. Table 3 lists the harmonics and THD of
line current when the active and reactive powers are
changed as step.

—— Real Power (MW) —A— Pref (MW)
+800 ‘ A“ =y N
+580 |- B3
+360 | |
e K
+140 T ] ﬂ} ‘
-80 [~ \"_“DH
L \ | |
300 004 08 12 16 2
Time (sec)

Fig.7. Reference and active power flow, Qref=0,
C_UPFC installed.
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Fig.8-a. Reactive power of receiving end, Qr_ref=0, Fig.10_b. Referenc.e gnd reactive power flows (MVAR)
UPFC installed. of receiving C_UPFC installed.
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Fig.8-b. Reactive power of sending ends, Qs_ref, UPFC Fig.11. Step changes of load angle of Gen.2
installed.
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Fig.9-a. Reactive power of receiving end, Qr_ref=0,

load angle of generator 2 has been changed.
C_UPFC installed.
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Fig.9-b. Reactive power of sending end, Qs_ref, Flﬁ' 121-b.dRefelr en;e and htne rze.'illctn]/je powgr ﬂovc\{,
C_UPFC installed. when load angle o1 generator as been changed.
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Fig.10_a. Reference and reactive power flows (MVAR)

of sending ends, C_UPFC installed. Fig.13. DC link capacitors voltage.
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Fig.14. Sending end and load side currents (KA).

TABLE 3: Harmonics of line current

Harmonics | 3¢h | 5¢th | 7th | 11th | 13th | THD
order

Values(%) | 2 | 16| 1 | 5 | .05 | 279

5 Conclusion

This paper presents the transient model and control
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
the active and reactive power, but also is able to
exchange 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. The simulation results
indicate the fast dynamic response, validity and
effectiveness of the presented device and its control
scheme.
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